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PREFACE 


THIS  book  is  written  as  a  sequel  to  the  author's  elementary  book  on 
"Steam."  It  was  prepared  in  the  first  instance  as  notes  for  the 
second-year  engineering  students  in  this  college,  and  deals,  in  as  simple 
a  form  as  possible,  with  those  branches  of  the  subject  which  are  of 
fundamental  importance  to  a  sound  knowledge  of  steam-engine  design 
and  management. 

Modern  students  of  steam  engineering  have  a  great  advantage  over 
their  predecessors,  in  possessing  such  a  wealth  of  recorded  practical 
experience  as  appears  in  the  Proceedings  of  the  Engineering  Institu- 
tions, as  well  as  in  the  Technical  Journals,  and  the  writer  has  to  express 
his  personal  indebtedness  to  all  these  sources  of  information  in  the 
preparation  of  this  book.  The  assistance  received  is  acknowledged,  as 
far  as  possible,  throughout. 

Special  attention  has  been  given  to  the  subject  of  the  heat  quantities 
involved  in  the  generation  and  use  of  steam.  For  this  purpose  the 
temperature-entropy  diagram  has  been  used,  and  its  applications  in  the 
solution  of  a  number  of  ordinary  everyday  problems  exemplified. 

In  this  connection,  as  well  as  for  many  beautiful  graphical  methods 
of  illustration  now  employed  by  engineers,  students  and  teachers  of 
the  subject  are  greatly  indebted  to  the  work  of  Mr.  J.  Macfarlane  Gray, 
Capt.  H.  Riall  Sankey,  the  late  P.  W.  Willans,  and  many  others.  The 
writer  desires  to  express  his  personal  indebtedness  to  Capt.  Sankey  for 
his  kindness  in  supplying  him  with  copies  of  his  temperature -entropy 
chart,  which  appears  for  the  first  time,  as  Plate  I.  of  this  book.  This 
chart  has  gone  through  an  interesting  process  of  evolution  since  the 
occasion  when  Mr.  J.  Macfarlane  Gray  read  his  paper  at  the  Paris 
meeting  of  the  Institution  of  Mechanical  Engineers  in  July,  1889, 
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'*  On  the  Rationalization  of  Regnault's  Steam  Experiments,"  describing 
and  explaining  the  use  of  the  steam  and  water  lines  of  the  temperature- 
entropy  chart.  Since  that  time  Capt.  Sankey  has  added  lines  of 
constant  pressure,  and  constant  volume  in  1892  ;  and  more  recently 
also  the  scales  of  total  heat  and  internal  energy,  as  well  as  the  chart 
for  the  superheat ed-steam  field.  All  these  additions  now  appear  upon 
the  chart  as  shown  in  Plate  I.  of  this  book. 

Other  subjects  dealt  with  include  the  compound  engine,  superheated 
steam,  and  superheaters,  the  use  of  high  steam-pressures,  valve  gears, 
steam-engine  governors,  flywheels,  and  other  engine  details.  There 
are  also  chapters  on  the  balancing  of  engines,  and  steam-engine  per- 
formance, embodying  the  most  recent  results  obtained  from  all  classes 
of  engines ;  and  on  modern  steam-engine  design,  including  the  Corliss 
mill  engine,  the  modern  quick- re  volution  engine,  the  marine  engine, 
and  the  locomotive. 

The  author  here  desires  to  express  his  acknowledgments  to  Mr.  T. 
Scott  King  for  the  valuable  original  designs,  both  of  engine  details 
and  complete  engines,  which  he  has  prepared  for  the  author  specially 
for  this  book  ;  also  to  Mr.  J.  W.  Kershaw,  M.Sc.,  for  much  valuable 
help,  and  to  Mr.  F.  Boulden  for  kindly  reading  the  proof-sheets. 

W.   RIPPER. 

UNIVERSITY  COLLEGE,  SHEFFIELD, 
November,  1899, 


PREFACE    TO    THE    FOURTH    EDITION 

IN  the  present  edition  a  new  chapter  is  added  on  the  Steam  Turbine, 
and  a  very  full  series  of  Questions  with  Answers  has  been  appended, 
which  covers  the  requirements  of  the  various  public  examinations  on 
Steam,  including  the  examinations  of  the  Institution  of  Civil  Engineers, 
the  Universities,  and  the  Board  of  Education,  Honours  Stages. 


W.    RIPPER. 


THE  UNIVERSITY,  SHEFFIELD, 
September,  1905. 


CONTENTS 


PAGE 

INTRODUCTORY     .......    1 

OHAPTKll 

I.     THERMODYNAMICS  OF  GASES      .,..'....«..  5 

II.     PROPERTIES  OF  STEAM      .     .     .     .     , 25 

III.  TEMPERATURE-ENTROPY  DIAGRAMS      .     ,     , 41 

IV.  THE  SLIDE-VALVE  .     .     , 60 

V.     THE  INDICATOR ,     .     .     .     .  90 

VI.     QUALITY  OF  THE  STEAM  IN  THE  CYLINDER 110 

VII.     COMPOUND  ENGINES 125 

VIII.     SUPERHEATED  STEAM ,     .     .     .  14G 

IX.     INTERNAL  SURFACE  OF  ENGINE  CYLINDERS .  104 

X.     THE  STEAM-JACKET 166 

XI.     THE  INJECTOR 172 

XII.     CONDENSERS .     .  170 

XIII.  FEED-WATER  HEATERS 

XIV.  GOVERNORS 20° 

XV.     TURNING  EFFORT  IN  THE  CRANK-SHAFT                                    •  227 

XVI.     FLYWHEELS  ........ 

XVII.     ENGINE  DETAILS 

XVIII.     FRICTION  OF  ENGINES       .     . 
XIX.     BALANCING  THE  ENGINE  .     . 

OAA 

XX.     STEAM-ENGINE  PERFORMANCE • 

XXI.     TYPES  OF  STEAM-ENGINES— THE  MILL  ENGINE     . 

QQ-I 

XXII.     THE  CORLISS  ENGINE 


xii  CONTENTS. 

CHAPTER  1>AGE 

XXIII.  QUICK-REVOLUTION  ENGINES 348 

XXIV.  THE  MARINE  ENGINE       363 

XXV.     THE  LOCOMOTIVE 368 

XXVI.     THE  STEAM  TURBINE 385 

APPENDIX 

I.     RIPPER'S  MEAN-PRESSURE  INDICATOR 412 

II.     To  DRAW  A  CURVE  OF  THE  FORM  PV"  =  CONSTANT    ....  414 

III.  SATURATED-STEAM  TABLES 415 

IV.  TABLE  OF  HYPERBOLIC  LOGARITHMS 417 

V.     TABLE  OF  M  KAN-PRESSURE  RATIOS 418 

VI.     TABLE  OF  ENTROPY 41!) 

QUESTIONS 421 

INDEX  449 


LIST   OF    PLATES 

PLATE  PAGE 

I.     THE  TEMPERATURE-ENTROPY  CHART      ....     Frontispiece 

II.     QUICK-REVOLUTION  ENGINES To  face  358 

III.  MARINE  ENGINES „  306 

IV.  THE  LOCOMOTIVE 237 


STEAM-ENGINE    THEORY 
AND    PRACTICE 

INTRODUCTORY. 

DEFINITIONS  AND    UNITS. 

Work  is  defined  as  the  overcoming  of  a  resistance  through  a  space 
by  the  application  of  a  force,  and  the  amount  of  work  (Q)  done  is 
measured  by  the  resistance  (R)  or  the  force  (F)  in  pounds,  multiplied 
by  the  distance  (S)  in  feet  through  which  the  resistance  is  overcome 
or  through  which  the  force  acts ;  and  the  product  is  given  in  foot- 
pounds, thus  : 

U  =  RS  =  FS  foot-lbs. 

The  unit  of  work  is  the  foot-pound,  or  the  work  done  by  a  force  of 
one  pound  acting  through  the  space  of  one  foot. 

The  unit  of  work  in  metric  units  is  the  work  done  by  the  force  of 
one  kilogramme  acting  through  the  space  of  one  metre  =  one 
kilogrammetre ; 

1  kilogrammetre  =  7 '233  foot-lbs. 

When  the  motion  takes  place  round  a  fixed  axis,  as  in  the  case  of  a 
crank,  then  the  mean  resistance  (R)  multiplied  by  the  space  traversed 
(2-rrr  feet  per  revolution)  gives  the  work  done,  and — 
U  =  2?rrR  foot-lbs.  per  revolution. 

When  work  is  done  by  pressure  upon  a  moving  piston,  as  in  steam- 
engines,  it  is  measured  by  the  product  of  the  mean  pressure  p  per 
square  inch,  the  area  of  the  piston  A  in  square  inches,  and  the  length 
of  stroke  of  the  piston  S  in  feet ;  then — 

U  =  pAS  foot-lbs.  per  stroke 

or,  if  A  be  expressed  in  square  feet,  then  the  pressure  per  square  foot 
P  =  p  x  144,  and— 

U=p  x  144  x  A  x  S 
But  A  x  S  =  V  =  volume  of  piston  displacement  in  cubic  feet ; 

.'.  U  -  p  x  144  x  V  =  PV 

and  if  area  of  piston  be  1  sq.  ft.,  then  V  in  cubic  feet  will  bo 
numerically  equal  to  the  length  of  stroke  of  the  piston  in  feet. 
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Work  represented  by  an  Area. — Since  work  is  expressed  as  a  product 
of  two  numbers,  it  may  therefore  be  represented  by  the  area  of  a  plane 
figure ;  thus  the  work  done  on  the  piston  of  the  steam-engine  is 
represented  by  an  area  drawn  by  an  "indicator,"  the  length  of  the 
diagram  corresponding  with  the  length  of  stroke  of  the  piston  to  a 
reduced  scale,  and  the  mean  height  of  the  diagram  giving  the  mean 
pressure  on  the  piston  throughout  the  stroke. 

Efficiency. — The  total  amount  of  energy  received  by  an  engine  or 
machine  of  any  kind  is  either  used  in  the  doing  of  useful  work  or  is 
wasted,  and — 

energy  received  =  useful  work  +  lost  work 

useful  work  done 

efficiency  =  -  — = — -= 

total  energy  received 

Power  is  defined  as  the  "  rate  of  expenditure  of  energy,"  or  the 
amount  of  work  performed  in  a  unit  of  time — 

power  =  pounds  x  feet  -f-  minutes 

The  Horse-power. — The  unit  of  power  used  by  British  engineers 
is  the  "  horse-power,"  which  is  equivalent  to  the  performance  of 
33,000  foot-lbs.  of  work  per  minute ;  or  33,000  -h  60  =  550  foot-lbs. 
per  second ;  or  33,000  X  60  =  1,980,000  foot-lbs.  per  hour.  In  heat- 
units  the  horse-power  =  33,000  -4-  778  =  42-42  B.T.U.  (British  ther- 
mal units)  per  minute,  or  =  42 -42  X  60  =  2545  B.T.U.  per  hour. 

The  French  horse-power  (cheval)  is  75  kilogrammetres  per  second 
=  75  X  7 '233  foot-lbs.  =  542 '5  foot-lbs.  per  second,  or  rather  less 
than  the  British  horse-power. 

1  horse-power  =  1*0139  cheval 

1  Ib.  per  horse-power         =  0-447  kilogramme  per  cheval 

1  kilogramme  per  cheval  =  2-235  Ibs.  per  horse-power. 

Indicated  Horse-power  is  the  work  done  by  the  steam  in  the 
cylinder  as  obtained  by  the  aid  of  the  indicator,  and  expressed  in 
horse-power  units.  This  power  includes,  of  course,  that  necessary 
to  drive  the  engine  against  external  resistance,  and  that  used  to 
overcome  the  frictional  resistance  of  the  engine  itself. 

units  of  work  done  per  minute        PLAN 
I.H.P.  =  "33,000""  =  33,000 

where  P  =  mean  effective  pressure  in  pounds  per  square  inch  on  piston. 
A  =  effective  area  of  piston  in  square  inches. 

=  (diameter  of  cylinder  in  inches)2  X  0-7854  less  area 
of  piston-rod. 
L  =  length  of  stroke  in  feet,  or  distance  travelled  by  piston 

from  end  to  end  of  cylinder. 
N  =  number  of  strokes  per  minute,  or  )  for  double-acting 

=  number  of  revolutions  X  2    j  engines. 

=  number  of  revolutions,  for  single-acting  engines. 
=  number  of  impulses  per  minute,  for  gas-engines. 
EXAMPLE  1. — Find  the  indicated   horse-power    of   an   engine   with 
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a  cylinder  12  in.  diameter,  length  of  stroke  18  in.,  number  of 
revolutions  per  minute  90,  mean  effective  pressure  per  square  inch 
on  piston  40  Ibs. 


_  (p  X  A)  Ibs.  x  (L  x  N)  ft.  per  min. 

33,000 
_  (40  x  12  X  12  x  0-7854)  Ibs.  x  (1-5  X  90  x  2)ft.  per  min. 

33,000 
_  4520  Ibs.  x  270  ft.  per  min. 

33,000 
=  37  nearly 

EXAMPLE  2.  —  An  engine  is  required  to  indicate  37  horse-power 
with  a  mean  effective  pressure  on  piston  of  40  Ibs.  per  square  inch, 
length  of  stroke  18  in.,  number  of  revolutions  per  minute  90  :  find 
the  diameter  of  the  cylinder. 

First  find  the  area  from  the  formula  — 

PLAN 


33,000  I.H.P. 
A  ~     P  x  L  x  N 

_33,000_x  37 
=  40~xT5  X  90  X  2 
A,  or  area  of  piston,  =  113  sq.  in. 

From  which  the  diameter  may  be  obtained  thus  : 

/    area  /      113 

Dmmeter  =  *  =  V  0^854 


Brake  Horse-power  (B.H  P.)  represents  the  power  which  the  engine 
is  capable  of  transmitting  for  the  purposes  of  useful  work,  that  is,  the 
total  power  exerted  by  the  steam  in  the  cylinder  less  the  power  absorbed 
in  driving  the  engine  itself. 

This  power  is  measured  —  except  where  the  engines  are  too  large  — 
by  means  of  a  brake  dynamometer. 

T>    TT   p 

:  '  =  mechanical  efficiency  of  engine 
I.H.I  . 

The  efficiency  of  a  whole  machine  is  the  product  of  the  efficiencies  of 
its  several  parts. 

Practical  Electrical  Units- 

Ampere  —  the  unit  of  strength  of  current,  or  rate  of  flow. 
Volt  =  the  unit  of  electro-motive  force. 
Ohm  =  the  unit  of  resistance. 

Coulomb  =  (ampere-second)  =  the  unit  of  quantity. 
1  watt  =  1  ampere  X  1  volt  =  the  unit  of  power. 
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1  watt  =  0-7373  foot-lbs.  per  second 

=  Q'0009477  heat-units  per  second  (Fahr.) 
=  —g-  horse-power. 
1  kilowatt,  or  1000  watts,  =  0-9477  heat-units  per  second 

=  1-3405  horse-power. 
1  horse-power  =  746  watts  =  746  volt-amperes. 

volts^  amperes  =  electrical  horse.power. 

746 
1  electrical  unit  =  1000  watt-hours. 

Other  Useful  Constants — 

1  cub.  ft.  of  water  weighs  62-3  Ibs. 

1  gallon  =  0-1605  cub.  ft.  =  10  Ibs.  of  water  at  62°  F. 

A  column  of  water  2'3  ft.  high  corresponds  to  a  pressure  of 

1  Ib.  per  sq.  in. 
1  knot  =  6080  feet  per  hour. 
1  inch  =  25'4  millimetres. 
1  metre  =  3 9 '3 7  inches. 
1  cubic  metre  =  35'32  cubic  feet. 
1  kilogramme  =  2-2  Ibs. 
1  Ib.  =  7000  grains  =  453*6  grammes. 
1  Ib.  per  sq.  in.  =  0"0703  kilogramme  per  sq.  cm. 
1  kilo,  per  sq.  cm.  =  14-223  Ibs.  per  sq.  in. 
1  Ib.  of  air  at  0°   C.  and  at  atmospheric  pressure  =  12-387 

cub.  ft. 
1  cub.  ft.  of  air  at  0°  C.  and  at  atmospheric  pressure  weighs 

0-0807  Ib. 


CHAPTER  I. 

THERMODYNAMICS  OF  GASES. 

Heat. — Heat  is  a  form  of  molecular  energy,  and  it  may  be  converted 
into  mechanical  work  by  means  of  the  change  of  volume  which  it 
produces  in  bodies  acted  upon  by  it.  The  medium  through  which 
work  is  done  by  the  action  of  heat  may  be  either  solid,  liquid,  or 
gaseous,  and  the  nature  of  the  substance  used  is  a  question  of  relative 
convenience  or  suitability.  Thus,  if  an  iron  bar  be  heated,  the  bar 
expands,  and  if  some  form  of  resistance  be  interposed  to  its  expansion, 
then  the  work  done  in  overcoming  the  resistance  =  U  =  R  X  S,  where 
R  may  represent  an  enormous  force,  arid  S  a  very  small  space. 

On  the  other  hand,  if  a  gas  be  used  as  the  "  working  fluid,"  and  be 
heated  in  a  closed  cylinder  behind  a  movable  piston,  then  the  work 
done  by  the  heat  through  the  expanding  gas  =  U  =  R  X  S,  as  before, 
where  the  resistance  is  comparatively  small,  and  the  space  S  moved 
through  by  the  piston  is  comparatively  large. 

Engineers  generally  utilize  the  smaller  forces  acting  through  large 
distances,  rather  than  unmanageably  large  forces  acting  through  small 
distances. 

If  a  quantity  of  heat  (Q)  be  applied  to  unit  weight  of  any  substance, 
it  increases  the  energy  contained  in  the  substance,  and  its  effects  may 
in  general  be  divided  as  follows  :  (1)  It  raises  the  temperature  of  the 
body  ;  that  is,  it  increases  the  rate  of  molecular  vibration.  The  heat- 
units  involved  in  raising  the  temperature  =  S.  (2)  It  causes  the 
body  to  expand  against  its  own  internal  resistances ;  that  is,  it 
increases  the  range  of  molecular  vibration.  The  heat  so  expended 
in  doing  internal  work  is  written /o(rho).  And  (3)  it  does  external 
work,  E,  by  overcoming  external  resistance  to  expansion. 

Then  Q  =  S  +  p  +  E 

In  the  case  of  the  generation  of  steam  from  water,  the  internal 
work  p  is  large  and  the  external  work  E  is  small.  In  the  case  of  a 
perfect  gas,  the  internal  work  is  nothing. 

Unit  of  Heat.— The  British  thermal  unit  (B.T.U.)  is  the  heat 
required  to  raise  1  Ib.  of  pure  water  one  degree  Fahrenheit,  measured 
at  a  standard  temperature,  usually  given  as  39°  Fahr.,  but  more 
recently  as  62°  Fahr. 

1  B.T.U.  =  0-252  calorie 
1  French  calorie  =  3-968  B.T.U. 

Specific  Heat. — When  equal  weights  of  different  substances  are  raised 


STEAM-ENGINE    THEORY  AND  PRACTICE. 


Constant  p.        Constant  v. 

Air 

0-237      .      0-169 

Oxygen    .  .  . 

... 

0-217 

0-155 

Hydrogen 

3-410 

2-412 

Nitrogen  ... 

0-244 

, 

0-173 

Superheated  steam 

0-480 

0-346 

Carbonic  acid 

0-217      .      0-153 

through  an  equal  range  of  temperature,  the  quantities  of  heat  involved 
are  not  the  same  in  each  case,  but  vary  in  accordance  with  the  thermal 
capacity  of  the  substances.  Thus,  if  an  iron  vessel  weighing  62*5  Ibs. 
contain  a  cubic  foot  of  water  also  weighing  62-5  Ibs.,  then,  though 
both  iron  and  water  are  at  the  same  temperature,  and  are  equal  in 
weight,  they  do  not  contain  the  same  quantity  of  heat.  As  a  matter  of 
fact,  the  water  contains  about  eight  times  the  heat  contained  by  the  iron. 
The  relative  thermal  capacity,  or  the  "  specific  heat,"  of  substances 
is  denned  as  the  amount  of  heat  necessary  to  raise  unit  weight  of  the 
substance  one  degree  measured  at  the  standard  temperature.  A  more 
correct  term  than  "  specific  heat "  would  be  "  coefficient  of  thermal 
capacity." 

TABLE  OF  SPECIFIC  HEATS. 

Water        I'OOO 

Glass         0-194 

Cast  iron 0'130 

Wrought  iron       0-114 

Steel  (hard)          0'117 

Copper       0-100 

Mercury 0'033 

The  specific  heat  of  gases  increases  as  the  temperature  increases. 

Temperature. — Temperature  is  that  quality  of  bodies  which  deter- 
mines the  intensity  of  the  heat-energy  contained  by  them.  If  two 
bodies  of  different  temperature  be  placed  near  each  other,  heat  tends 
to  pass  from  the  hotter  to  the  colder  till  they  both  reach  the  same 
temperature. 

Temperature  difference  is  that  which  determines  the  transfer  of 
heat  from  body  to  body,  and  the  greater  the  difference  of  temperature 
the  more  rapidly  the  heat  flows. 

Difference  of  temperature  is  what  renders  heat-energy  available  for 
the  performance  of  mechanical  work,  and  the  greater  the  difference 
or  range  of  temperature  the  greater  the  possible  efficiency  of  the  heat. 
The  heat  contained  by  a  body  at  the  ordinary  temperature  of  the  sur- 
rounding bodies  is  not  available  for  the  performance  of  mechanical  work. 

The  potential  energy  of  high  temperature  may  be  compared  to  the 
potential  energy  due  to  a  head  of  water.  Thus,  water  falling  from  a 
height  h  and  acting  on  a  turbine,  loses  potential  energy,  which  is 
converted  into  mechanical  work  at  the  turbine.  The  water  loses 
potential  energy,  but  not  weight,  for  the  same  weight  of  water  passes 
away  as  entered  the  turbine.  So  also,  in  the  case  of  a  steam-engine, 
the  steam  supplied  to  the  engine  loses  heat-energy,  but  not  weight. 
The  same  weight  of  steam  passes  away  as  entered  the  engine,  but  the 
heat-energy  which  leaves  the  engine  is  less  than  that  which  entered 
it  by  the  amount  which  has  disappeared  by  transmutation  of  heat  into 
work. 

Heat  supplied  =  useful  work  -f  heat  rejected 

First  Law  of  Thermodynamics. — The  following  statement  is  known 
as  the  First  Law  of  Thermodynamics :  "  Heat  and  mechanical  energy 
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are  mutually  convertible,  and  heat  requires  for  its  production,  and 
produces  by  its  disappearance,  a  definite  number  of  units  of  work  for 
each  thermal  unit." 

The  value  of  the  mechanical  equivalent  of  the  thermal  unit  as 
determined  by  Joule  was  772  foot-lbs.,  sometimes  called  Joule's  equiva- 
lent, and  written  J. 

Recent  investigations,  by  Rowland  and  many  others,  as  to  the  exact 
value  of  J  have  led  to  the  conclusion  that  778  is  a  more  nearly  correct 
value  for  the  mechanical  equivalent,  and  this  value  will  be  used 
throughout. 

Thus  1  B.T.U.  =  778  foot-lbs.  =  J 

Second  Law  of  Thermodynamics. — "  Heat  cannot  pass  from  a 
cold  body  to  a  hot  one  by  a  purely  self-acting  process "  (Clausius). 
That  is  to  say,  heat  flows  from  hot  to  cold,  but  not  in  the  reverse 
direction,  and  it  is  impossible,  having  once  permitted  a  fall  of  tem- 
perature, as  from  the  boiler  furnace  to  the  water  in  the  boiler,  or  from 
the  boiler  to  the  condenser,  to  render  the  heat  available  for  work  by 
an  attempt  to  return  the  heat  by  a  self-acting  process  in  the  opposite 
direction. 

It  follows  from  this  law  that  no  heat-engine  can  convert  the  whole 
of  the  heat  supplied  to  it  into  work,  but  that,  as  soon  as  the  tem- 
perature of  the  added  heat  has  fallen  to  that  of  the  surrounding 
atmosphere,  the  heat  remaining  is  no  longer  available  for  doing 
useful  work.  Also  that  if  Tx  be  the  highest  absolute  temperature 
available,  and  T2  the  lowest  absolute  temperature  available,  it  is 
impossible  to  obtain  a  greater  efficiency  than  is  represented  by  the 

T  —  T 

fraction     1  ~    -,    whatever    the    nature    of    the    working    fluid.     The 

truth  of  these  statements  will  be  illustrated  later. 

Effect  of  Heat  upon  Gases. — In  order  to  understand  more  clearly  the 
principles  involved  in  the  transformation  of  heat  into  work  by  steam, 
it  will  be  helpful  to  consider  first  the  simpler  case  of  the  action  of  heat 
upon  air,  which  is  subject  approximately  to  very  simple  laws,  and  which 
laws,  it  is  assumed,  would  be  absolutely  obeyed  by  a  perfect  gas. 

Boyle's  Law. — The  product  of  the  pressure  P  and  the  volume  V  of 
a  perfect  gas  is  a  constant  quantity  when  the  temperature  remains 
constant. 

PY  =  constant  (at  const,  temp.)  where 
P  =  pressure  per  square  foot,  and  V  = 
volume  in  cubic  feet. 

The  constants  for  various  gases  have 
been  determined  with  great  accuracy  by 
Regnault. 

The  value  of  P0V0  may  be  calculated 
thus  :  if  the  volume  Y0  of  1  lb.  of  air  at 
32°  Fahr.  and  at  atmospheric  pressure  (760 
mm.)  be  12  387  cub.  ft.  per  pound —  FIG.  1. 

P0V0  =  constant 
14-7  x  144  x  12-887  =  26,220  foot-lbs. 
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If  a  number  of  rectangles  of  equal  areas  P0V0,  P1V1,  P2V2,  be  drawn, 
then  the  line  joining  the  points  a,  b,  c  is  an  isothermal  line,  or  line  of 
constant  temperature.  Here  P  varies  inversely  as  V,  thus — 

PV  =  constant 
2P  X  *V  =        „ 
3P  x  i-V  =        „          etc. 

Law  of  Charles. — Under  constant  pressure,  equal  volumes  of 
different  gases  expand  equally  for  the  same  increment  of  tem- 
perature, and  the  volume  changes  proportionally  to  the  absolute 
temperature. 

The  product  P0V0  being  given  for  a  gas  at  T0,  or  32°  Fahr.,  then  the 
value  of  the  constant  for  any  new  PV  due  to  change  of  temperature, 
being  proportional  to  the  absolute  temperature,  may  be  found  thus  : 

T 

PV    —  PV  — 
1  V  1    —    -tfl  V  Orp 

But  P0V0  =  26.220°,  and  T0  =  32  +  461  =  493 

T        26220 
/.  P^  =  26,220  ^r  =  -493-  Tt  =  53-2Tx  nearly 

This  equation  for  a  perfect  gas  is  written  PV  =  RT,  where  R  is  a 
constant  depending  on  the  density  of  the  gas.  For  air  the  constant 
R  =  53-2. 

Absolute  Temperature. — It  is  found  by  experiment  that  when  air 
is  heated  or  cooled  under  constant  pressure,  its  volume  increases  or 
decreases  in  such  a  way  that  if  the  volume  of  the  gas  at  freezing- 
point  of  water  be  1  cub.  ft.,  then  its  volume,  when  heated  to  the 
boiling-point  of  water,  will  have  expanded  to  1-3654  cub.  ft. 

Or,  inversely,  if  the  volume  remain  constant,  and  the  pressure 
exerted  by  the  gas  at  freezing-point  =  1  atmosphere,  then  the  pressure 
at  boiling-point  of  water  =  1*3654  atmospheres. 

These  results  may  be  set  out  in  the  form  of  a  diagram  (Fig.  2). 
Thus,  draw  a  vertical  line  to  represent  temperatures  to  any  scale,  and 
mark  on  it  points  representing  the  freezing-point  and  boiling-point  of 
water — marked  32°  and  212°  respectively.  From  32°  set  out,  at  right 
angles  to  the  line  of  temperature,  a  line  of  pressure  ab  =  I  atmo- 
sphere to  any  scale,  and  at  212°  a  line  cd  =  1-3654  atmospheres  to  the 
same  scale.  Join  the  extremities  db  of  these  lines,  and  continue  the 
line  to  intersect  the  line  of  temperatures. 

It  is  assumed  by  physicists  that,  since  the  pressures  vary  regularly 
per  degree  of  change  of  temperature  between  certain  limits  within 
the  range  of  experiment,  they  vary  also  at  the  same  rate  beyond  that 
range,  and,  therefore,  that  the  point  of  intersection  of  the  straight 
line  db  produced  gives  the  point  at  which  the  pressure  is  reduced  to 
zero. 

So  long  as  the  gas  exerts  any  pressure,  it  is  presumed  to  exert  that 
pressure  by  virtue  of  the  heat-energy  contained  in  it  ;  the  point, 
therefore,  of  zero  pressure  is  reckoned  as  the  point  of  zero  temperature 
on  the  absolute  scale.  Then — 
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Abs.-Fah. 

I        I 
673-2/2 


oa  -f  180  :  oa  : :  1-3654  :  1 
or  oa  =  492-6 

that  is,  the  zero  of  absolute  temperature  is  492-6  below  the  freezino-. 
point  of  water,  or  492-6  -  32  =  460-6  below  zero  Fahrenheit.  Calling 
this  461,  and  writing  T  for  temperature 
absolute,  and  t  for  temperature  by  ordi- 
nary scale,  then — 

T  =  461  -f  t  Fahrenheit 
or,  T  =  273  -f  t  Centigrade 
Also,  if  Pj  and  Vl  be  the  pressure  and 
volume  of  a  gas  at  absolute  temperature 
Tj,  then  at  constant  volume  and  change 
of  absolute  temperature  to  T,  its  pressure 

T 
=  PI  X  m" ;    or   its    volume   at    constant 


FIG.  2. 


pressure  at  temperature  T2  =  Vx  X  m  . 

Internal  or  Intrinsic  Energy  (Joule's 
Law). — When  a  gas  expands  without  doing 
external  work,  its  temperature  remains 
unchanged. 

This  law  was  arrived  at  by  Joule  in 
the  following  way  : — 

Two  copper  vessels,  A  and  B,  were 
connected  by  a  tube  as  shown.  One 
vessel  was  exhausted  by  an  air-pump  so  as  to  produce  as  nearly 
as  possible  a  perfect  vacuum,  and  the  other  was  filled  with  com- 
pressed air,  at  a  pressure  of  22  atmospheres.  The  vessels  were  then 
immersed  in  water. 

When  the  stopcock  was  turned,  the  compressed  air  in  A  rushed 
into  the  empty  vessel  B.  The  temperature  of  the  water  surrounding 
the  vessels  was  taken,  before  and  after,  with 
a  very  delicate  thermometer,  but  no  appre- 
ciable change  was  noted.  When  the  vessels 
were  immersed  in  separate  vessels  of  water, 
it  was  found  that  when  the  stopcock  was 
opened  and  the  gas  rushed  from  A,  the  water 
surrounding  it  fell  in  temperature,  while  the 
water  surrounding  B  at  the  same  time  in- 
creased in  temperature  and  by  the  same 
amount.  The  setting  the  mass  of  air  in 
motion  absorbed  heat  from  the  one  vessel,  which  was  restored  again 
in  the  other  vessel  when  the  motion  was  destroyed.  The  net  result 
was  that  there  was  no  change  in  the  temperature  of  the  gas.  The 
temperature  of  a  gas  is  a  measure  of  its  internal  or  intrinsic  energy, 
and  in  the  above  experiment,  since  there  was  no  loss  of  temperature 
there  was  no  loss  of  internal  energy. 

From  this  may  be  deduced  also — 


FIG.  3. 
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1.  That  the  heat    or    intrinsic  energy  of  a  gas  may  be  converted 
into    the  kinetic  energy  of  molecules  in  motion,  with  corresponding 
loss  of  temperature,  as  when  the  gas  cooled  on  rushing  from  A. 

2.  That  the  kinetic   energy  in  the  moving  molecules  of  a  gas  will 
reappear  as  heat  if  the  moving  mass  is  brought  to  rest,  as  when  the 
temperature  increased  in  the  vessel  B. 

Specific  Heat  of  Gases  (Regnault's  Law). — The  specific  heat  is 
the  amount  of  heat  in  thermal  units  required  to  raise  unit  weight  of 
the  gas  through  1°  Fahr.  The  specific  heat  of  a  substance  varies 
according  to  the  conditions  under  which  the  substance  is  heated. 
Thus,  if  heat  be  applied  to  1  Ib.  of  gas  in  a  closed  vessel,  the  gas  is 
said  to  be  heated  at  constant  volume,  and  the  heat  required  to  raise  its 
temperature  one  degree  is  written  Cp,  which  stands  for  specific  heat 
of  gas  at  constant  volume  in  thermal  units ;  CB  X  778  =  K^,  or  the 
specific  heat  at  constant  volume  expressed  in  foot-pounds. 

When  the  same  weight  of  gas  is  heated  in  a  cylinder  having  a 
movable  piston  under  a  constant  external  pressure,  if  the  tempera- 
ture be  raised  one  degree  as  before,  the  volume  increases,  and  there- 
fore work  is  done  in  pushing  the  piston  out  against  the  external 
pressure,  as,  for  example,  that  of  the  atmosphere. 

This  is  heating  under  constant  pressure.  The  heat-units  required  to 
raise  the  temperature  one  degree  under  constant  pressure  is  written 
Cp,  and  it  is  greater  than  C,,,  owing  to  the  extra  heat  required  to  do 
the  work  of  moving  the  piston  against  external  resistance,  in  addition 
to  raising  the  temperature  of  the  gas  ;  and  Cp  X  778  =  Kp  =  specific 
heat  at  constant  pressure  in  foot-pounds.  By  the  measurements 
of  Regnault,  the  value  of  C,  for  air  =  0*1691  thermal  unit  =  131 '6 
foot-lbs.  =  K,,.  The  value  of  C^  for  air  =  0-2375  thermal  unit  =  184-8 
foot-lbs.  =  Kp. 

The  effects  of  heating  a  gas  under  constant  volume  or  constant 
pressure  may  be  represented  by  diagrams  as  follows  : — 

Take  a  point  a  between  the  axes  of  pressure  and  volume,  so  that 
OP  is  its  pressure  and  OV  its  volume  for  1  Ib.  of  gas.  Apply  heat  to 


T, 


\ct    X£ 


-f, 


T2 


FIG.  4. 


V 

FIG.  5. 


^ 


it  when  the  piston  is  prevented  from  moving  ;  then  the  pressure  will 
rise,  as  shown  by  the  vertical  line  ab  (Fig.  4),  and  its  temperature 
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will  rise,  as  shown  by  the  intersection  of  the  line  ab  with  isothermals 
of  higher  temperature. 

Here  the  whole  of  the  heat-energy  applied  has  been  absorbed  in 
raising  the  temperature  of  the  1  Ib.  of  gas.  No  external  work  has 
been  done,  work  being  measured  by  the  product  P(V  —  V,)  and  here 
(V  -  V,)  =  0. 

The  heat  absorbed  =  K,(T3  —  Tx)  foot-lbs.  per  pound,  and  this 
represents  the  increase  of  internal  energy  per  pound. 

If  now  the  heat  be  applied  to  the  gas  enclosed  in  a  cylinder  under 
a  movable  piston,  the  external  pressure  being  constant,  the  heat 
absorbed  will  not  only  raise  the  temperature  of  the  gas  from  1\  to  T2 
as  before,  but  will  do  work  in  moving  the  piston  from  V  to  Va  against 
external  resistance  P  (Fig.  5). 

Then  the  line  ab  will  represent  the  line  of  constant  pressure, 
and  the  cross-lined  area  =  work  done  —  P(OV1  —  OV).  The  heat 
absorbed  =  K.(Tg  -  TJ  +  ^(OV,  -  OV)  foot-lbs.  per  pound. 

The  total  heat  expended  per  pound  under  these  conditions  is  equal 
to  the  number  of  degrees  rise  of  temperature  multiplied  by  the  specific 
heat  at  constant  pressure  =  Kp(T2  —  Tj).  And  (the  total  heat 
expended)  —  (heat  expended  in  external  work)  =  heat  expended  in 
internal  work  ;  or  since  P(O  Vl  -  OV)  =  R(T2  -  TJ— 

Kp(Ta  -  TO  -  R(T2  -  Ta)  =  (Kp  -  R)(T2  -  TJ 

But  heat  expended  in  internal  work  per  pound  and  per  degree  rise 
of  temperature  is  equal  to  the  specific  heat  at  constant  volume  — 


R  =  KP  -  KV 

that  is,  R  =  the  difference  between  the  two  specific  heats  expressed 
in  foot-pounds. 

The  ratio  of  the  specific  heat  at  constant  pressure  KyJ  to  the  specific 
heat  at  constant  volume  Ku  is  much  used  in  therinodynainic  problems, 
and  is  expressed  by  the  Greek  letter  gamma,  thus  — 

K, 

K,=  Y 
It  has  been  shown  that  — 

KP-KV  =  R,  and  K^K,  =  y 

.'•  K,(y  -  1)  =  B 


C,,      0-238 
y-idl*ffIW"14 

Work  done  during  Expansion.  —  When  a  gas  expands  in  a  cylinder 
under  a  movable  piston,  if  the  piston  were  moved  by  some  external 
force,  then  the  volume  and  pressure  of  the  enclosed  gas  would  change, 
but  the  temperature  would  remain  constant  (providing  there 


12 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


FIG.  6. 


no  losses   by    radiation,   etc.).1     Therefore   the    curve   indicating   the 
varying  •  condition  of  the  gas  as  to  pressure  and  volume  would  be  an 

isothermal  curve.  If,  however,  the  piston 
were  moved  at  the  expense  of  the  heat- 
energy  stored  in  the  enclosed  gas,  or,  in 
other  words,  at  the  expense  of  its  intrinsic 
energy,  then  external  work  would  be  done 
by  it  and  heat-energy  expended ;  hence 
the  pressure  of  the  gas  would  fall  below 
the  isothermal,  and  if  no  other  heat  in- 
fluences have  been  introduced,  such  as  loss 
of  heat  by  conduction  through  cylinder 
walls,  or  gain  of  heat  from  some  external 
source  or  internal  chemical  action,  then  the  curve  described  would 
be  what  is  known  as  the  adiabatic  curve  (adiabatic  meaning  literally 
no  passage  of  heat  to  or  from  the  expanding  gas). 

These  two  curves — the  isothermal  and  the  adiabatic — are  of  great 
importance  in  the  theory  of  heat-engines,  but  they  both  represent 
ideal  conditions  which  are  only  approximately  realized  in  practice. 

If,  during  the  expansion  of  a  given  weight  of  gas,  heat  is  added 
so  as  to  keep  the  temperature  constant,  then  the  intrinsic  energy 
of  the  gas  is  also  constant  (see  Joule's  Law),  and  the  heat  expended 
in  doing  external  work  during  expansion  is  exactly  balanced  by  the 
heat  supplied  to  retain  the  gas  at  constant  temperature. 

The  work  done  during  isothermal  expansion  is  given  by  the  area 
abdc  enclosed  between  the  hyperbolic  curve,  the  two  vertical  ordinates, 
and  the  zero  line  of  pressure. 

This  area  may  be  supposed  to  be  made  up  of  a  number  of  inde- 
finitely narrow  strips,  the  area  of  each  being 
equal  to  p  X  dv,  where  p  =  pressure,  and 
dv  the  indefinitely  small  width  of  the  strip. 

Then,   since    PV  =  P,V,  =  constant,   pressure   at 

PiV, 
V  =  P  =  ~^rt  where    V  =  volume    OV    (Fig.   7), 

P  V 

and  area  of  strip   dv  =—~d\.     Integrating  be- 
tween the  limits  ^V,  and  V2 
"  PiV, 
V, 


area  = 


dV 


-  P,V,  logc  v»  -  P^  loge  r 
where  r  -  ratio  of  expansion  ;  or,  since  PjV,  =  PV  =  RT,  PjV,  loge  r  -  RT  loge  r. 

The  expression  RT  loge  r  measures  not  only  the  work  done  during 
isothermal  expansion,  and  therefore  the  heat  expended,  but  also  the 

1  This  would  not  be  true  for  steam,  as  the  temperature  of  saturated  steam 
varies  with  the  pressure  under  all  circumstances. 
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heat  supplied  to  balance  the  loss  and  to  retain  the  constant  tempera- 
ture, or  constant  intrinsic  energy  of  the  gas. 

Work  done  during  Adiabatic  Expansion. — During  adiabatic  ex- 
pansion the  work  done  is  less  than  that  done  during  isothermal  expan- 
sion, owing  to  the  fact  that  during  adiabatic  expansion  the  work  is 
done  at  the  expense  of  its  own  intrinsic  energy  alone,  and  the  amount 
of  heat  in  the  gas  as  the  expansion  proceeds  becomes  less  and  less.  In 
any  case  the  change  of  internal  energy  and  the  amount  of  work  done 
per  pound  of  gas  =  Kv(Tl  —  T2). 

The  adiabatic  expansion  curve  for  a  gas  is  a  particular  case  of  the 
general  formula  PVW  =  constant,  and  is  written  PV7  =  constant, 

TT 

where  y  =  the  ratio  of  the  specific  heats  =  —?  =  1'4  for  air. 

Kv 
The  area  enclosed  by  a  curve  of  this  form  is  obtained  thus  : 


fv= 
J  V, 


area  =    I       PdV 
but  PV»  = 


-wJV 


(V  l  —  «  —  V  1 
--d 


n-1 

-  *»  - 


n-  1 
This  may  also  be  written — 

n-  1 


=  plv,-pava"  ,  (n 


-I 


i-  1 

'."-*'     ;   <2> 
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Then,  dealing  with  a  cubic  foot  of  gas,  since  144p  =  pressure  per 
square  foot  -  P,  work  done  during  expansion  from  Vx  to  V2 


n  -  1 


Also  Pj  Vi"  =  P2V2M  =  constant  ;    (       )  *  =  p"  ; 


Therefore  work  done  during  expansion  between  pressures  Pl  and  P2 

144  x 


The  above  equations  (1),  (2),  and  (3)  give  the  work  done  per  cubic 
foot  of  gas  during  expansion  only,  and  with  zero  back  pressure. 

Therefore  the  total  work  done  during  admission  and  expansion 
against  back  pressure  P2 


Relation  between  Volume,  Pressure,  and  Temperature  for  a  Perfect 
Gas. 

P  V        T 

PTT          "P  T    •    P  V  PT  ,J-2T2         •••  a 

!  V  !   =    Itlj  ,    r.j,  V  3    =    Jt  1.2  ,  .  ^VjT   =  rfT 

-Li  V  1  J^l 

y  v 

For  adiabatic  expansion,  also  PjV^    =  P2V2 

rp  PV7PV  /V\Y-1 

ji  p  IA«     1     «  JLfl          -Clvlj:t2v2          /Vl\ 

therefore  multiplying,  ^  =  ---  -  —       =  I    ,  1 
AI      pv    PV        ^    2 

±'2  V  2    -t  1  V  1 

T 


.    rp     .  rp     .  .  TT  V" 
o  .   ±j   .    J-2  .  .     V  2 

y 

and  Tj  :  Ta  :  :  P!  y 

!_  j. 

V    •  A7     .  .  py  .  p  v 

v2  .    v  !  .  .  xy  .  jra' 

y         Y 
v    •  v    •  •  p  •  p 

V  2      .     V  j      .  .  Xj  .   JTa 

EXAMPLE,  —  Air  is  drawn  into  an  air-compressor  at  60°  Fahr.,  or 
521°  absolute,  and  at  atmospheric  pressure  :  find  the  temperature 
when  the  pressure  is  raised  to  four  atmospheres  without  loss  of  heat 
by  cooling. 
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Then  from  equation — 


T,= 


•y-i 

7 


FIG.  8. 


1-4-1      ' 

=  521(4yTT" 
logT2  =  log  521  -f  ^Iog4 

=  2-7168  +  (0-29  x  0-602) 
-  2-8914 
T2  =  779°  absolute,  or  318°  Fahr. 

To  find  the  value  of  n  in  the  equation  PV"  =  constant. 

1.  Let  ab  be  a  portion  of   the    curve  of  the  form  PV"  constant. 
Take   any   point  p   in   the    curve,    and 

draw  a  tangent  to  the  curve  from  p, 
intersecting  OY  and  OX  in  c  and  d ; 

then  —  =  -T-,  =  n.    which    may    be    ob- 
eo      fd 

tained  by  measurement.  This  method 
may  be  applied  to  indicator  diagrams 
when  ep  =  total  volume  of  gas  (in- 
cluding clearance),  and  OX  =  zero  line 
of  pressure  (absolute). 

2.  The  value  of  n  may  also  be  obtained 
by  taking  any  two  points  on  the  curve ; 
then  using  the  equation — 

area  =  - 

n  —  1 

(except  when  n  =  1,  when  the  formula  fails). 

3.  Since  PVM  =  PiV/1  =  constant- 

log  P  -f  n  log  V  =  log  P!  +  n  log  Va 
.        _  log  PI  -  log  P 
-JogV-logV, 

Heat-Energy  represented  by  Areas.1— When  heat  is  applied  to 
a  perfect  gas— that  is,  a  gas  in  which  none 
of  the  heat  added  is  absorbed  in  doing  work 
to  overcome  internal  resistance,  but  all  the 
heat  goes  either  to  increase  the  temperature 
or  to  do  external  work — then  the  quantities 
of  heat  involved  may  be  represented  by  areas 
as  follows : 

1.  Let  A  represent  the  condition  as  to 
pressure  and  volume  of  1  Ib.  of  gas  at  a 
given  temperature ;  and  let  the  gas  expand, 
doing  work  by  virtue  of  the  heat-energy  con- 
tained in  the  gas,  but  without  loss  or  gain  of 


0  c  X 

FIG.  9. 
heat  externally.     Then,  when  the  gas  has  expanded  indefinitely  until 


1  See  Papers  by  Dr.  Oliver  Lodge,  Engineer,  January,  1894. 
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the  whole  of  the  intrinsic  energy  has  been  expended  by  conversion 
into  work,  the  temperature  will  have  reached  absolute  zero.  The 
work  done,  and  therefore  also  the  intrinsic  energy  of  the  gas  at  the 
beginning  —  in  condition  represented  by  point  A---will  be  represented 
by  the  area  enclosed  by  the  lines  Ac,  cX,  and  the  adiabatic  curve  Aa 
prolonged  to  meet  OX  (Fig.  9). 

If  expansion  continue  to  zero  temperature  and  pressure,  then  — 


But  Po  =  0, 


area  = 


area  = 


-  P2V2 


_ 


n 
-  1 


RT, 

-  —  1 

y- 


either  of  which  expressions  represents  the  intrinsic  energy  of  the  gas 
in  state  A.1 

2.  If  heat  be  added  to  the  gas  in  state  A  at  constant  volume  till  its 
temperature  rises  to  B,  then,  if  adiabatics  be  drawn  through  A  and  B 
(Fig.  10),  area  XcAa  represents  the  intrinsic  heat-energy  in  the  gas 
in  state  A,  XcBfr  the  intrinsic  energy  in  state  B,  and  the  area  aAB6 
represents  the  additional  heat  required  to  change  the  state  of  the  gas 
from  A  to  B. 

Since  the  internal  energy  in  a  given  weight  of  gas  depends  on  the 
temperature,  then,  if  temperature  at  A  =  T\  and  that  at  B  =  T2, 
considering  unit  weight  of  gas  — 

area  aAB5=  K.(T8  -  TO 


3.  For  any  change  of  state  from  A  to  B  accompanied  by  addition  of 
heat,  if  adiabatics  be  drawn  through  A  and  B,  area  aAB6  gives  the 
heat  received  by  the  gas  during  the  change  from  state  A  to  state  B. 

But  during  expansion  from  A  to  B  work  has  been  done  represented 
by  area  cABd  (Fig.  11),  and  therefore  the  total  heat  applied  =  in- 


0  c  X 

FIG.  10. 

trinsic  energy  in  B  -f  work  done  in  passing  from  state  A  to  state 
B  —  intrinsic  energy  in  A ; 

that  is,  XdBfr  -f-  cABd  —  XcAa  =  aABfe  =  heat  supplied 
If  the  temperature  of  the  gas  at  B  is  greater  than  that  at  A,  then 

1  To  draw  an  adiabatic  curve,  see  Appendix. 
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the  intrinsic  energy  at  B  is  greater  than  at  A,  and  the  heat  added  to 
the  gas  at  A  is  more  than  that  required  merely  to  do  the  work  cABd 

4.  Let   now  the  path  A  to  B  be  situated  as  in  Fig.   12,  where  B 
falls  below  the  adiabatic  through  A.     Here  no  heat  has  been  received 


c         d 
FIG.  12. 


c          d 
FIG.  13. 


from  external  sources  ;  on  the  contrary,  loss  of  heat  has  taken  place 
represented  by  area  feBAa.  And  intrinsic  energy  of  gas  in  state 
A  =  work  done  during  expansion  A  to  B  -f  intrinsic  energy  remaining 
in  gas  in  state  B  -f  loss  of  heat  during  expansion  ;  or  — 

area  XcAa  =  cABd  +  XdEb  -f  6BA« 

5.  An  important  case  is  the  one  in  which  the  heat  added  to  a 
perfect  gas  during  expansion  is  the  exact  equivalent  of  the  work  done, 
and  therefore  the  temperature  at  the  end  of  the  operation  remains 
the  same  as  at  the  beginning.  This  is  the  case  of  isothermal  expansion. 

Here,  since  AB  (Fig.  13)  is  an  isothermal,  or  line  of  constant  tem- 

perature, the  intrinsic  energy  of  the  gas  is  constant  at  any  point  in 

this  line  independently  of  pressure  or   volume.     Intrinsic  energy  in 

A  =  XcAa.     Heat  added   during  expansion  A  to   B  =  aABfr.     But 

energy  at  A  +  heat  added  =  energy  remaining  at  B  -f-  work  done  ;  or 

XcAa  +  aABfc  =  XdBfc  + 

But  XcAo  =  XcZBfc 


that  is,  the  heat  added  to  a  perfect  gas  during  isothermal  expansion 
is  the  exact  equivalent  of  the  work  done. 

The  relation  of  the  four  areas  marked  W,  X,  Y,  7*  (Fig.  14),  to  the 
quantities  of   heat   involved   in    the    change 
from  A  to  B  when  AB  is  an  isothermal  line 
is  as  follows  :  — 

W  +  X  =  work  done 

X  4-  Y  =  heat  received  equivalent  to  work 
done 

W  -j-  7i  —  intrinsic  energy  in  gas  at  A 

Y  +  Z   =  intrinsic  energy  in  gas  at  B 

W  =  work    done    at    expense    of    intrinsic 
energy  originally  present  at  A. 

X  =  additional    work    done    by   heat    re- 
ceived during  operation  AB 


w 


d 

FIG.  14. 
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Z  =  residual  energy  remaining  of  original  energy  at  A 

Y  =  additional   heat-energy  to  maintain  constant  intrinsic  energy 

of  gas  during  expansion  along  the  isothermal  line  AB 
Work  done  during  Compression.—  If  a  quantity  of  gas,  in  state  A 
as   to   pressure    and   volume,  be   compressed   in  a  cylinder  under   a 

movable  piston,  then,  if  the  compression 
take  place  slowly,  the  heat  due  to  the 
work  done  upon  the  gas,  instead  of  in- 
creasing its  temperature,  may  be  supposed 
to  be  dissipated  through  the  sides  of  the 
containing  vessel.  In  this  case  the  tem- 
perature would  remain  constant,  and  the 
X  pressure  would  increase  in  accordance 
with  Boyle's  Law,  and  the  curve  of  com- 
pression would  be  given  by  the  isothermal 

curve  AB.  If,  however,  the  compression  of  the  gas  is  supposed  to  take 
place  quickly,  then  the  heat  due  to  the  work  done  upon  the  gas  will 
increase  the  temperature  of  the  gas,  and  the  pressure  will  also  rise, 
in  consequence  of  the  increased  temperature,  above  that  during 
isothermal  compression,  and  the  curve  of  compression  will  be  given 
by  a  curve  AC  above  AB. 

The  work  done  upon  the  gas  during  isothermal  compression  is  the 
same  as  the  work  done  by  the  gas  during  isothermal  expansion,  and 

is  given  by  the   expression  Pj  Vl  loge  y-1  ;  or  =  RT3  loge  r  where  Vx  is 

the  original  and  Y2  the  final  volumes,  and  Vx  4-  V2  =  r. 

Similarly,  the  work  done  upon  the  gas  during  adiabatic  com- 
pression is  the  same  as  the  work  done  by  it  during  adiabatic 
expansion  — 

P  V 

1      1  ~ 


These  principles  may  be  illustrated  by  taking  the  work  done  in 
an  air-compressor  (Fig.  1  6)  on  1  Ib.  of  air.  During  the  suction  stroke 
from  O  to  M,  the  volume  V\  at  pressure  Px  is  drawn  into  the  cylinder. 
On  the  return  stroke  the  air  is  confined,  and  as  the  volume  decreases 
the  pressure  increases  finally  to  P2,  at  which  pressure  the  air  is  forced 
into  the  mains.  If,  during  the  operation  of  compressing  the  air, 
the  heat  due  to  compression  is  all  removed  by  some  method  of 
cooling,  the  temperature  of  the  air  will  remain  constant,  and  the 
line  of  pressures  will  follow  the  isothermal  curve  NE.  If,  however, 
the  air  is  not  cooled  during  compression,  but  all  the  heat  due  to 
compression  be  retained,  then  the  line  of  pressures  will  follow  the 
adiabatic  curve  NF.  In  practice  the  actual  curve  takes  some  position, 
NG,  between  the  isothermal  and  adiabatic  lines. 

During  the  suction  stroke  BN  the  work  done  =  p^vL. 

During  compression  NF  up  to  pressure  p.2  =  p.3,  the  work  done 
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During  the  delivery  of  the  air  FA  against  constant  pressure  p3  the 
work  done  =  pAv3.     The  net  work  (U)   of  compression    from  p1  to  p3 
and  delivery  at  p3  per  Ib.  of  air  = 
area  BAFN. 


n-l 
n 


fa 


But  -B  =     « 


U  = 


w-  1 


The  work  done  upon  the  gas 
by  compression  from  p1  to  p3  is 
converted  into  heat  and  increases 
the  temperature  of  the  gas,  thus — 


T,= 


FIG.  16. 


The  mean   effective   pressure    during   compression   and   delivery  = 


When  the  compression  is  adiabatic,  w  =  y  =  1'4. 

Carnot's  Cycle. — A  cycle  is  defined  as  a  series  of  operations  through 
which  a  substance  is  passed,  the  substance  being  brought  back 
finally  to  the  same  state  in  all  respects  as  that  from  which  it  started. 
The  area  enclosed  by  the  cycle  is  a  measure  of  the  net  or  useful  work 
done. 

The  cycle  of  operations  known  as  Carnot's  cycle  for  a  perfect  or  ideal 
heat-engine  consists  of  four  stages,  illustrated  as  follows : — 

Let  a  cylinder  contain  unit  weight  of  gas  enclosed  under  a 
movable  piston,  and  let  there  be  an  indefinite  supply  of  heat  at 
constant  temperature,  1\ ;  also  a  lower  limit  of  temperature,  T2. 
Then,  assuming  no  losses  due  to  radiation,  conduction,  and 
friction — 

1.  Let  the  temperature  of  the  gas  in  the  cylinder  to  start  with  be 
the  same  as  that  of  the  source  of  heat,  namely  T1?  and  let  the  cylinder 
be  in  contact  with  the  source  of  heat.  Then,  if  the  gas  at  state  point 
A  (Fig.  17)  in  the  cylinder  expands,  doing  work  on  the  piston,  and  at 
the  same  time  a  supply  of  heat  from  the  source  passes  into  the  gas, 
maintaining  the  temperature  constant  at  T1}  the  change  of  pressure  and 
volume  will  be  represented  by  the  isothermal  line  AB.  During  this 
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process  the  work  done  =  aABfr.     At  the  same  time  a  quantity  of  heat, 
Qlf  has  been  given  to  the  expanding  gas — 

Q!  -  aABfc  =  XABY 

2.  Let  the  supply  of  heat  be  cut  off  at  B,  and  let  the  gas  continue 
to  expand  without  any  further  communication  of  heat.  Then  the 

pressure  will  fall  more  rapidly,  and 
the  temperature  will  no  longer  be 
maintained  at  T\,  owing  to  the  loss 
of  heat  in  the  performance  of 
external  work,  which  has  been 
done  at  the  expense  of  the  intrinsic 
energy  of  the  gas ;  and  let  the 
temperature  fall  to  the  lowest  tem- 
perature, T2,  during  which  the  ex- 
pansion curve  BC  is  described.  The 
work  done  during  BC  =  fcBCc.  This 
completes  the  forward  stroke. 

3.  By  the  aid  of  a  flywheel  or 
other  means,  let  the  return  stroke 
now  be  made  ;  but  let  the  cylinder  be  now  placed  in  contact  with 
an  indefinitely  large  cooling  arrangement,  represented  by  the  lower 
limit  of  temperature,  T2,  the  temperature  of  the  gas  at  C  being 
also  T2.  There  is  at  first  no  transfer  of  heat.  But,  as  the  gas  is 
compressed  behind  the  piston  while  it  returns,  the  immediate  effect 
is  to  increase  the  temperature  of  the  gas ;  but,  being  in  contact  with 
the  cooler  at  temperature  T^,  the  temperature  remains  at  T2  during 
the  time  the  compression  is  going  on.  Let  the  compression  continue 
till  the  piston  reaches  point  D,  when  communication  with  the  cooler  is 
closed. 

The  point  is  so  chosen  that  the  adiabatic  through  D  passes 
through  A. 

During  this  third  operation  the  piston  does  work  on  the  substance, 
the  amount  of  which  is  negative  and  is  equal  to  the  area  cCDd. 
At  the  same  time  a  quantity  of  heat,  —  Q2,  has  been  rejected  to  the 
cooler — 

Q2  =  cCDd  =  XDCY 

4.  Continuing  the  compression,  no  heat  can  now  escape,  and  the 
pressure  and  temperature  rapidly  rise ;  the  compression  line  DA  is 
described,  and  the  substance  is  restored  to  A  at  T1}  where  its  condition 
is  now  in  every  respect  the  same  as  at  the  beginning  of  the  series  of 
operations.  The  work  done  during  the  compression  DA  is  negative, 
and  is  —  aADd. 

The  net  work  (W)  done  is  the  algebraic  sum  of  the  work  done 
during  each  of  the  separate  operations ;  thus,  using  the  symbol  Wj 
to  represent  work  done  during  the  first  operation,  namely,  expansion 

w  =  w,  +  w2  _  w3  -  w4 

=  area  ABCD 


THERMODYNAMICS   OF  GASES.  21 

These  quantities  may  be  stated  in  detail  thus,  using  pa  for  pressure 
at  a,  and  va  for  volume  at  a ;  then — 

(1)  W,=.M,log«J' 

*  a 

since  AB  is   an  isothermal  line.     This   also   represents   heat   taken 
in  by  gas  during  expansion  AB  =  Q1  =  aABb  =  XABY. 

(2)  No   heat   taken   in   or    rejected.     Work    done    by  gas   during 
adiabatic  expansion  BC  =  W? — 


loss  of  internal  energy  =  KB(Tj  —  T2) 
(3)  Heat  rejected  during  operation  CD  =  W, 

V. 


=  Q2  =  cCD  d  =  XDCY 


(4)  No   heat   taken   in   or   rejected.     Work    done    on   gas   during 
adiabatic  compression  DA  =  W4  — 


gain  of  internal  energy  =  K^Tj  —  T2) 

In  operations  (2)  and  (4)  the  loss  and  gain  of  heat  are  equal 
and  balance  each  other  ;  also  comparing  the  work  done  in  the  two 
cases  W2  and  W4,  it  will  be  seen  that  the  equations  are  equal,  for 
Pnl'a  —  Pbvb,  since  a  and  b  are  on  the  same  hyperbolic  curve.  It 
has  also  been  shown  (p.  14)  that,  since  AD  and  BC  are  adiabatic 
curves  — 


-iv    •  v,  -  vc 

Comparing  stages  (1)  and  (3)— 

V6      Vc 
we  have  ^-  =  ^  =  r 

V«  *  d 

y 

therefore  from  (1)  Wx  =  pava  loge  y6  =  RTX  log,  r 

(l 

and  from  (3)  W3  =  pdvd  loge  ^  =  RT2  loge  r 

Then  the  difference  between  heat  absorbed  in  (1)  and  heat  rejected 
in  (3)  =  heat  converted  into  work  =  U(Tl  —  T2)  loge  r. 

But  total  heat  received  =  RT,  loga  r 


,,       .  . 

therefore  efficiency  =          RTMo^r  —          —  T  — 

From  a  study  of  the  statement  of  the  Carnot  efficiency,  it  will  be 
evident  that  "  between  given  limits  of  temperature  the  efficiency  of  an 
engine  is  the  greatest  possible  when  the  whole  reception  of  heat  takes 
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place  at  the  highest  limit,  and  the  whole    rejection  of  heat  at  the 
lowest." 

The  greater  the  range   of   temperature   available,  the   nearer   the 

T   —  T 

fraction     l  ^ — •    approaches   unity,    and   therefore   the   greater   the 

•*-i 
value  of  the  efficiency  of  the  engine,  other  things  being  equal. 

The  range  may  be  increased  by  increasing  the  value  of  T1}  or 
decreasing  the  value  of  T2. 

Suppose  an  engine  to  work  between  the  temperatures  300°  Fahr. 
and  60°  Fahr.  Then  its  maximum  efficiency 

=  ^~-^  =  7617^521  =  0-315  =  31-5  per  cent. 

It  will  therefore  be  seen  that  the  quantity  of  heat  which  is  rejected 
at  T2  is  necessarily  large  even  under  the  best  conditions,  and  that  the 
efficiency  is  of  necessity  far  removed  from  unity. 

The  value  of  the  fraction  increases  as  Tx  increases,  and  this  is  the 
direction  in  which  improvement  continues  to  be  made  from  time  to 
time  in  the  steam-engine,  and  it  has  been  carried  to  a  still  greater 
extent  in  the  gas  and  oil  engine. 

The  lowest  practical  limit,  T2,  is  the  temperature  of  the  surrounding 
atmosphere. 

It  may  assist  the  student  if  the  action  of  heat-engines,  working 
between  given  limits  of  temperature,  be  compared  with  the  action  of 
the  water-wheel  working  between  two  different  water-levels.  The 
water-wheel  is  a  device  for  using  the  difference  of  water-level,  while 
the  heat-engine  is  a  device  for  using  difference  of  temperature,  in 
both  cases  for  the  purpose  of  doing  useful  work. 

In  the  case  of  the  water-wheel,  it  is  evidently  essential  to  maximum 
efficiency  that  full  use  should  be  made  of  the  difference  of  level ;  that 
no  part  of  the  height  is  wasted  before  the  water  reaches  the  wheel  or 
after  it  leaves  it.  In  other  words,  to  take  full  advantage  of  the 
height,  the  wheel  should  receive  its  water  from  the  highest  level  and 
release  it  at  the  lowest. 

We  might  push  the  analogy  a  step  further  to  illustrate  the  prin- 
ciple that  reversibility  is  a  condition  of  maximum  efficiency.  For 
suppose  some  external  mechanical  power  to  work  the  water-wheel ; 
then,  if  the  direction  of  rotation  of  the  wheel  be  reversed,  the  wheel 
might  be  made  to  transfer  water  from  the  lower  level  to  the  higher 
level,  providing  that  the  wheel,  when  working  normally,  received 
water  at  the  highest  level  and  rejected  it  at  the  lowest ;  any  fall  at 
either  side  of  the  wheel  would  prevent  it  from  being  reversible. 
This  analogy  is  due  to  Carnot. 

If  the  reversible  water-wheel  just  described  were  turned  in  the 
reverse  direction  by  a  second  water-wheel  (made  somewhat  wider, 
so  as  to  make  it,  say,  20  per  cent,  more  powerful),  then  the  first 
wheel  might  be  made  to  lift  the  water  back  again  from  the  bottom 
level  to  the  top. 
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If,  however,,  the  water-wheel  were  reversed  by  means  of  a  heat- 
engine  instead  of  by  another  water-wheel,  then,  with  the  ordinary 
commercial  engine,  the  heat  expended  will  be  from  five  to  ten  times 
as  great  as  that  actually  converted  into  work,  80  to  90  per  cent,  of 
the  heat  being  rejected  at  the  exhaust  of  the  engine. 

From  this  we  see  that  when  work  is  done  by  gravity,  or  transferred 
as  work  in  any  way,  the  loss  is  merely  that  due  to  the  friction  of  the , 
machinery  of  transmission,  and  need  not  be  more  than  perhaps  20 
per  cent. ;  whereas  when  work  is  done  by  transmutation  of  heat  into 
work,  there  is  always  a  necessary  and  unavoidable  loss  of  at  least 
70  per  cent,  of  the  heat,  when  working  between  the  limits  of  tempe- 
rature at  present  used  in  steam-engines,  and  a  further  loss  of  from 
10  to  20  per  cent,  from  causes  which  are  more  or  less  preventible. 

It  appears,  therefore,  that  work  obtained  by  means  of  heat-engines 
is  a  somewhat  costly  commodity,  and  it  is  therefore  important  to 
strive  to  obtain  as  high  a  percentage  as  possible  of  the  heat  actually 
available  as  work. 

From  what  has  been  said,  it  will  be  evident  that  though,  by  the 
first  law  of  Thermodynamics,  heat  and  work  are  mutually  con- 
vertible, all  the  work  which  can  be  obtained  by  the  conversion  of 
the  heat  will  not  be  available  as  useful  work.  Thus,  when  speaking 
of  the  heat  value  of  1  Ib.  of  coal  as  14,000  heat  units,  and  expressing 
the  same  as  units  of  work,  we  write — 

14,000  x  778  =  10,892,000  foot-lbs. 

But  it  is  a  mistake  to  suppose  that  this  number  of  foot-pounds  of  useful 
work  can  be  obtained  from  1  Ib.  of  coal,  as  only  about  30  per  cent, 
of  it  is  available  for  the  performance  of  useful  work  under  the  most 
perfect  conditions  within  present  limits  of  temperature. 

By  a  consideration  of  the  areas,  Figs.  10,  11,  13,  and  17,  it  will  be 
seen  why  it  is  not  possible  in  any  case  to  convert  into  useful  work 
the  whole  of  the  heat  added  to  a  working  fluid.  Thus,  suppose  1  Ib. 
of  air  at  atmospheric  temperature,  say  60°,  is  heated  to  500°  Fahr., 
and  the  gas  is  expanded  behind  a  piston,  doing  work  until  the 
temperature  has  again  fallen  to  60°.  It  might  be  thought  that  the 
whole  of  the  heat  in  this  case  had  been  converted  into  useful  work ; 
but  it  is  not  so,  because  during  the  expansion  of  the  gas — in  addition 
to  the  useful  work  done — it  has  been  doing  work  against  the  back 
pressure  on  the  other  side  of  the  moving  piston;  and  it  would  only 
be  possible  to  convert  the  whole  of  the  heat  into  useful  work  provided 
the  gas  was  expanded  against  absolute  zero  of  pressure  and  tempera- 
ture behind  the  piston  ;  also  that  the  expansion  of  the  gas  itself  was 
continued  down  to  this  limit,  namely,  the  absolute  zero  of  tempera- 
ture and  pressure.  The  loss  due  to  incomplete  expansion  and  to 
work  done  against  back  pressure  accounts  for  the  large  loss  of  heat 
rejected  at  the  exhaust  in  all  heat-engines  (see  Temperature-entropy 
diagrams,  Chap.  III.). 

By  the  second  law  of  Thermodynamics,  it  is  not  possible  to  expand, 
to  any  useful  purpose,  below  the  temperature  of  the  surrounding 
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atmosphere,  and  there  are  many  practical  objections  to  expanding 
as  far  as  this,  especially  that  of  excessive  dimensions  of  the  engine. 
Increase  of  practical  efficiencies  must  therefore  be  obtained  in  the 
direction  of  increased  initial  temperatures,  as  very  little  improvement 
can  be  expected  at  the  lower  end  of  the  scale. 

These  statements  may  be  summarized  as  follows  : — 

1.  Work  transmitted  as  work,  as  from  one  machine  to  another.     The 
possible  efficiency  may  reach  nearly  100  per  cent.,  depending  only  on 
the  loss  of  friction. 

2.  Heat  transmitted  as  heat,  measured  as  heat  units  and  indepen- 
dently of  temperature  ;  as  from  the  furnace  to  the  water  in  a  heating 
apparatus.     The  possible  efficiency  may  reach  perhaps  90  per  cent., 
depending  only  upon  the  difference  between  the  quantity  of  heat,  Q1} 
generated  by  the  products  of  combustion  and  the  quantity,  Q2,  rejected. 
The  efficiency  =  (Q:  —  Q.2)  -f-  Qx,  where  Q  =  quantity  of  heat  as  distin- 
guished from  temperature. 

3.  Work  converted  into  heat,  as  in  the  case  of  the  friction  brake. 
Here  the  efficiency  will  be  100  per  cent. 

4.  Heat   converted   into  work.     Here  the   efficiency   always  equals 
(Qi  —  Qa)  -r-  Qn  where  Q:  =  heat    received,   and    Q2  =  heat   rejected 

But    this    practical    efficiency,    -=L^~^,    always   falls    short   of    the 

SJi 

T  —  To 
efficiency,  — ^ — ?,  of  a  perfect  engine. 

•i-i 

Within  the  present  limits  of  temperature  used  in  steam  engines, 
the  efficiency  of  the  perfect  engine  cannot  exceed  about  30  per  cent. 
The  actual  efficiency  of  steam-engines  varies  from  2^  to  20  per  cent. 


CHAPTER   II. 

PROPERTIES   OF  STEAM. 

THE  volume  of  1  Ib.  of  water  at  its  temperature  of  maximum  density 
=  0-016  cub.  ft,,  At  higher  temperatures  its  volume  per  pound  in- 
creases, and  is  obtained  by  multiplying  0-016  by  a  factor,  the  value 
of  which,  as  determined  by  Hirn,  is  as  follows  : — 

Temperature.  Factor. 

212°  Fahr.  1-0431 

284°     „  1-0795 

356°     „  1-127 

392°     „  1-159 

Let  heat  be  applied  to  1  Ib.  of  water  at  32°  Fahr.,  enclosed  in  a 
cylinder  under  a  movable  frictionless  piston  exposed  to  atmospheric 
pressure  externally,  and  suppose  the  area  of  the  piston  to  be  1 
sq.  ft.  Then,  neglecting  the  weight  of  the  piston,  the  pressure  on 
the  piston  =  the  pressure  of  the  atmosphere  -  p  Ibs.  per  square  inch 
=  p  X  144  Ibs.  per  square  foot  =  P. 

The  effects  of  heat  upon  the  water  are  — 

1.  The  temperature  rises,  but  the  piston  remains  stationary,  except 
for  the  small  expansion  of  the  water,  till  a  certain  temperature  is 
reached  depending  on  the  pressure  on  the  piston.     This  temperature 
is  called  the  boiling-point,  and  it  varies  as  the  pressure  on  the  water 
varies,  thus  : 

Pressure  on  water.  Boiling-point. 

1  Ib.  per  square  inch  102°  Fahr. 

5        „  „  162°     „ 

10         „  „  194°     „ 

14-7  (atmospheric  pressure) 212°     „ 

20    Ibs.  per  square  inch         228°     „ 

100          „          '     „  328°     „ 

350          „  „  432°     „ 

2.  As  soon  as  the  water  has  reached  the  boiling-point,  though  the 
application   of   heat   is  still    continued,    there   is   no   further  rise  in 
temperature,  but  steam  begins  to  form  and  the  piston  to  rise  against 
external    pressure.     Meantime   the  water   gradually   disappears,    the 
weight  of  steam  formed  corresponding  to  the  weight  of  water  which 
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disappears,  till  the  whole  of  the  1  Ib.  of  water  has  been  converted 
into  1  Ib.  of  steam.  The  steam  during  formation  remains  at  the 
same  temperature  as  the  water  from  which  it  is  produced.  The  heat 
added  all  the  while  evaporation  is  taking  place  is  termed  "  latent 
heat,"  so  called  because  the  continued  application  of  heat  during 
evaporation  does  not  raise  the  temperature,  and  it  was  not  clear  to 
the  early  experimenters  what  became  of  this  heat. 

3.  The  water  having  been  completely  evaporated,  if  the  heat  be 
still  further  continued,  the  temperature,  instead  of  remaining  con- 
stant as  before,  will  again  begin  to  rise,  now  that  the  steam  is  no 
longer  in  contact  with  water ;  and  the  piston  will  also  continue  to 
rise  higher;  and  the  result  will  be  the  formation  of  superheated 
steam  at  constant  pressure,  but  increasing  volume  and  increasing 
temperature.  Steam  is  said  to  be  "superheated"  when  it  is  heated 
above  the  temperature  of  the  boiling-point  of  the  water  corresponding 
to  the  pressure  at  which  it  is  generated. 

Saturated  Steam  is  steam  at  the  greatest  possible  density  for  its 
pressure.  It  is  invisible,  and  also,  of  course,  "dry,"  as,  if  it  were 
not,  it  must  contain  moisture  or  water  in  suspension,  and  this  would 
then  not  be  steam  only,  but  a  mixture  of  steam  and  water,  or  wet 
steam,  which  is  no  longer  invisible. 

If  1  Ib.  of  water  is  gradually  converted  into  steam  in  a  cylinder 
under  a  movable  piston,  the  steam  is  saturated  all  the  time  of  its 
formation  until  the  last  drop  of  water  is  evaporated.  Beyond  that 
point,  if  the  heat  is  continued,  the  steam  becomes  superheated, 
increases  in  volume,  and  the  vessel  no  longer  contains  steam  at  the 
greatest  possible  density. 

Pressure  and  Temperature  of  Saturated  Steam. — The  temperature 
of  saturated  steam  in  the  presence  of  water  is  the  same  as  that  of 
the  water  with  which  it  is  in  contact,  and  there  is  one  temperature 
only  for  steam  at  any  given  pressure.  At  any  other  pressure  the 
temperature  has  some  other  value,  but  always  fixed  for  that  particular 
pressure.  If  the  temperature  falls,  then  the  pressure  falls,  and  a 
portion  of  the  steam  is  at  the  same  time  condensed ;  or  if  the  tempe- 
rature increases,  then  the  pressure  also  increases,  and  more  of  the 
water  present  is  converted  into  steam. 

It  may  here  be  noted  that,  in  practice,  the  water  in  a  boiler,  when 
the  circulation  is  bad,  is  not  all  of  the  same  temperature  throughout. 
The  temperature  of  the  upper  portion  of  the  water  is  the  same  as 
that  of  the  steam,  but  the  temperature  of  the  water  below  the  fire 
is  not  necessarily  the  same,  and  where  this  occurs,  the  effect  is  to 
produce  unequal  expansion  in  the  boiler,  which  is  the  cause  of  many 
serious  boiler  troubles. 

Our  knowledge  of  the  relation  between  the  pressure,  temperature, 
and  volume  of  saturated  steam  is  chiefly  due  to  the  experiments  of 
Regnault.  The  results  of  these  experiments  were  stated  in  the 
form  of  equations,  from  which  the  tables  now  in  use  have  been 
calculated. 

Regnault's    experiments     were    conducted    with    great     care    and 
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accuracy,  and  the  results  plotted,  and  curves  drawn  on  copper,  from 
which  the  formulae  were  then  deduced. 

The  general  relationship  between  pressure  and  temperature  is  set 
forth  in  the  following  diagram  (Fig.  18),  from  which  it  will  be  seen 
that  the  pressure  not  only  varies  with  the  temperature,  but  that  the 
rate  of  change  of  pressure  is  more  rapid  as  the  temperatures  increase. 
Thus  at  212°  Fahr.,  and  at  atmospheric  pressure,  a  rise  of  1°  in 
temperature  is  followed  by  a  rise  of  pressure  of  hardly  \  Ib.  per  square 
inch,  while  at  400°  Fahr.,  or  250  Ibs.  pressure,  a  rise  of  temperature 
of  1°  is  accompanied  by  an  increase  of  pressure  of  3  Ibs.  per  square 
inch ;  and  the  pressure  rapidly  increases ;  thus  steam  at  546°  Fahr. 
has  a  pressure  of  1000  Ibs.  per  square  inch. 

It  has  been  proposed  to  use  high-pressure  steam  in  pipes  of  small 
bore  to  act  as  a  means  of  superheating  steam  brought  in  contact  with 
the  external  surface  of  the  pipes,  but  it  will  be  seen  how  enormously 
high  the  pressure  must  become  before  a  temperature  can  be  reached 
which  shall  be  of  much  use  for  superheating. 

It  should  also  be  pointed  out  that  though  the  working  pressures 
of  steam  will  undoubtedly  continue  to  rise  in  many  departments  of 
engineering,  yet  the  efficiency  of  the 
steam  is  proportional  to  the  range  of 
temperature  through  which  it  works, 
and  hence  the  rate  of  gain  of  effi- 
ciency will  not  keep  pace  with  the 
rate  of  increase  of  pressure. 

Rankine  gives  the  following  equa- 
tion connecting  the  pressure  and 
temperature  of  saturated  steam  : — 
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10gio  p  =  -^  —  T  ~~  T2 

in  which  T  =  t  +  461-2  Fahr. 

For  pounds  per  square  inch  the 
values  A,  B,  and  C  are,  A  =  6-1007, 
log  B  =  3-43642,  log  C  -  5-59873. 
This  equation  gives  very  accurate 
results.  It  is  most  convenient  to 
obtain  temperatures  from  the  tables 

in  practice,  but  the  tables  usually  do  not  give  values  at  very  high 
pressures. 

Specific  Heat  of  Water  and  Steam.— For  practical  purposes,  the 
specific  heat  of  water  is  reckoned  as  unity  at  all  ordinary  temperatures. 
In  other  words,  if  t  be  the  temperature  of  the  water,  then  the  units  of 
heat  required  to  raise  1  Ib.  of  the  water  from  32°  to  f  =  t  -  32.  ^  This, 
however,  though  sufficiently  accurate  for  practical  purposes,  is  not 
strictly  true. 

The  specific  heat  of  steam,  according  to  Regnault,  is  0'4805  at 
constant  pressure,  and  0*346  at  constant  volume. 
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Total  Heat  of  Steam.  —  The  total  heat  of  evaporation  (H)  is  denned 
to  be  the  number  of  units  of  heat  required  to  raise  a  pound  of  water 

at  32°  Fahr.  to  a  given  temperature, 
and  to  convert  it  all  into  steam  at 
that  temperature.  The  equation  by 
which  the  value  of  H  may  be  calcu- 
lated for  any  temperature,  <°,  of  the 
steam  in  Fahrenheit  units  is  — 

total  heat  =  1082  +  0-305* 


A    212°  400-      From  which  it  win  be  geen 

TEMPERATURE  ,11  -\      i       • 

.p      19  total    neat    slowly    increases    as    the 

temperature  of  evaporation  increases, 

namely,  by  0  305  thermal  unit  per  degree  of  rise  in  temperature  (see 
Fig.  19). 

Heat  to  raise  the  temperature  of  the  water  (A)  during  evaporation, 
reckoned  from  32°,  is  the  number  of  thermal  units  per  Ib.  to  raise  the 
water  from  32°  Fahr.  to  the  temperature  of  evaporation  t.  In  practice 
it  is  usual  to  obtain  the  value  of  Ji,  thus  : 

Ji  =  t  -  32 

The  true  value  of  h  is,  however,  somewhat  greater  than  this,  and  is 
given  in  the  Tables  in  the  Appendix  ;  it  includes  the  heat  used  in 
expanding  the  water  as  well  as  in  increasing  its  temperature. 

If  the  feed  water  supplied  to  a  boiler  is  at  some  temperature,  tf 
higher  than  32°,  the  total  heat  of  evaporation  is  then  reduced  by 
tf  —  32  ;  thus,  if  the  temperature  of  the  water  to  begin  with  is,  say, 
50°  Fahr.,  then  the  total  number  of  thermal  units  per  pound  required 
to  convert  it  into  steam  at  212°  will  be  less  than  that  given  by  the 
tables  by  50  -  32,  or  =  1146-6  -  (50  -  32)  =  1128-6. 

Latent  Heat.  —  The  latent  heat  of  evaporation  (L)  is  denned  as  the 
heat  required  to  convert  1  Ib.  of  water  at  a  given  temperature  into 
steam  at  the  same  temperature,  and  under  constant  pressure. 

H  =  L  +  Ji 
or  L  =  H  -  h 

Or  L  may  be  obtained  approximately  by  the  following  formula  :  — 

L  =  1114  -  0-7* 

From  this  equation  it  will  be  seen  that  the  latent  heat  decreases  as 
the  temperature  increases  (see  Fig.  19). 

During   the    evaporation  of    1   Ib.   of  water,    for    every    additional 

unit  of  heat,   j-  part  of  the   1  Ib.  of  water  is  converted  into  steam, 

till  the  last  drop  of  water  is  evaporated.  The  heat  L  supplied 
during  this  process  of  evaporation  has  been  expended  in  two  ways  : 
(1)  In  overcoming  the  internal  molecular  resistances  during  the 
change  of  state  from  water  at  boiling  temperature  to  steam.  The 
hoat  so  used  is  termed  the  internal  latent  heat,  and  is  usually  written 
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with  the  Greek  letter  p.  (2)  In  doing  external  work  by  overcoming 
the  external  resistance  or  pressure,  P,  per  square  foot  through  a  space 
equivalent  to  the  volume  occupied  by  the  1  Ib.  of  steam  at  the  given 
pressure,  less  the  original  volume  of  the  1  Ib.  of  water.  This  heat  is 
called  the  external  latent  heat,  and  is  written  E. 

Latent  heat. 


Internal  heat.  External  heat. 

Then,  during  formation  of  steam — 

total  heat  H  =  h  -f  L 

= fc+p+E 

PV      PV 

also  E  =  -^=-  =  ^5  heat-units 

J  I  I  O 

PV  is  the  work  done  in  foot-pounds,  omitting  the  volume  occupied 
by  the  water  from  which  the  steam  was  generated. 

If  s  =  volume  of  the  water  in  cubic  feet  before  evaporation  begins, 
and  V  =  volume  of  the  steam  when  the  last  drop  of  water  has  been 
evaporated,  and  P  =  external  pressure  in  pounds  per  square  foot,  then 
change  of  volume  =  V  —  s  =  u,  and  the  external  work  done  =  E  = 
P(V  -  s)  =  P(V  -  0-016)  =  Pa. 

The  value  of  V  is  very  large  compared  with  s,  and  the  more  so  the 
lower  the  pressure.  Thus  at  atmospheric  pressure,  V  =  1644  times  s, 
while  at  200  Ibs.  absolute  pressure,  V  =  141  times  s. 

The  internal  latent  heat  of  steam  (p)  may  be  written  in  work- units, 
thus  : 

p  =  J(L)  -  P(V  -  «) 

The  "  internal  latent  heat "  (p)  must  be  distinguished  from  the 
"internal  or  intrinsic  energy"  (p  +  h)  of  steam. 

In  the  short  Table  on  p.  30,  particulars  are  given  of  the  quantities 
of  heat  involved  for  a  few  cases  of  varying  pressure  from  1  Ib.  to 
200  Ibs.  absolute  pressure,  and  a  careful  study  of  this  table  will  be 
helpful. 

Taking  the  items  in  the  order  given — 

(1)  The  temperature  of  32°  Fahr.  is  taken  as  the  arbitrary  starting- 
point  from  which  all  quantities  of  heat  are  measured. 

(2)  The  temperature  of  the  boiling-point  increases  with  the  pressure  ; 
but  the  temperatures  increase  more  slowly  as  the  pressures  increase 
(see  also  Fig.  18,  p.  27). 

(3)  As  the  pressure  under  which  the   steam  is  formed   increases, 
the  steam  becomes  more  dense,    and   thus  the  volume  occupied   per 
pound  becomes  smaller. 

If  the  steam  be  formed  at  atmospheric  pressure,  then  its  volume 
per  pound  is  26*6  cub.  ft.,  but  if  the  pressure  is  increased  to  200  Ibs. 
per  square  inch  absolute,  then  the  volume  per  pound  is  2-29  cub.  ft.,  or 
only  about  y1^  of  the  volume  at  atmospheric  pressure. 
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(4)  The  total  heat  required  to   generate  1  Ib.  of   steam  increases 
as  the  pressure    increases,  but  the  difference  is  very  small.      Hence 
the  cost,   or  heat  expenditure,  per  pound  of  high-pressure  steam  is 
very  little  greater   than  the  cost  per  pound  of  low-pressure   steam. 
Thus  the  total  heat  of  steam  at   200  Ibs.  absolute  pressure  is  1198, 
while  that  of  steam  at  100  Ibs.  is  1182,  or  a  difference  of  16  units  of 
heat  per  pound,  or  1'4  per  cent.     But  the  possible  work  due  to  ex- 
pansion from  the  higher  pressure  is  much  greater  than  from  the  lower. 
Thus,  expanding  down  to  10   Ibs.   from  200  Ibs.  initial  pressure,  the 
mean  pressure  is  40  Ibs. ;   and  from  100  Ibs.  initial  pressure,  the  mean 
pressure   is    33    Ibs.,  or   a  gain  of  mean  pressure  of  21'2  per   cent., 
neglecting  back  pressure. 

(5)  The  value  of  h,  or  the   number  of  units  of  heat  per  pound  con- 
tained in  the  water  itself  measured   from   32°  to  temperature  of  the 
boiling-point,  increases  with  the   pressure.      It  will  thus  be  evident 
that  boilers  having  a  large  water  space,  as  the  Lancashire  and  Scotch 
or  marine  boiler,   carry  a  large    store   of   heat   in   the    water   itself. 
Thus  the  heat  contained  in  the  water  of  a  boiler  at  200  Ibs.  pressure 
=  354'6  —  180*7  =  173-9  units  per  pound  more  than  if  the  pressure 
in  the  boiler  were  at  that  of  the  atmosphere.     When  the  pressure  in 
the  boiler  falls  from  some  high  pressure  to  a  lower  pressure,  the  heat 
liberated   from  the  water  itself  is  capable  of   evaporating  a  certain 
portion  of  its  own  weight  at  the  reduced  pressure.     Thus,  if  ^  —  t.2  = 
the  difference  of  temperature  due  to  fall   of  pressure,   and    L  =  the 
latent  heat  of   steam  at   the  lower   pressure,  then  weight   of   water 
evaporated  by   heat   contained   within  itself  =  (^  —  t2)  -4-  L  Ibs.   per 
pound  of  water  present. 


Pressure  per  square  inch  (abso-j 

lute)  on  water  during  evapora-) 

1 

14-7 

50 

100 

200 

Temperature  of  water  supplied  \ 
Fahr  / 

32° 

32° 

32° 

32° 

32° 

Temperature  of  water  at    boil-j 
ing-point  Fahr.          ...         ...J 

102° 

212° 

280-8° 

327-6° 

381-7° 

Volume  of  1  Ib.  of  steam  (cubic) 
feef)                                             f 

334-6 

26-64 

8-414 

4-403 

2-29 

Total  heat  to  generate  1  Ib.  of 

steam  from  water  at  32°  Fahr. 

1113-1 

1146-6 

1167-6 

1181-9 

1198-4 

-H      

Units  of  heat  to  raise  1  Ib.  of 

water  from  32°  Fahr.  to  boil- 

70-0 

1807 

250-2 

297-9 

354-6 

ing-point  =  7i  =  t  —  32  nearly 

Latent  heat  =  E  +  p     

1043-0 

965-8 

917-4 

884-0 

843-8 

External  work  =  E        

61-9 

72-3 

77-7 

81-2 

81-3 

Internal  work  =  p         

981-1 

893-5 

839-7 

802-8 

759-5 

Percentage  of  H  converted  into\ 
work,  E            1 

5-56 

6-30 

6-65 

6-87 

7-02 

Heat    in    the    steam,   counting*! 
from  32°  Fahr.            J 

1051-2 

1074-2 

1089-9 

1100-7 

1114-1 

If,  in  a  boiler,  steam  is  raised  to  some  pressure  above  the  atmosphere 
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ready  for  starting,  but  with  the  stop-valve  and  all  outlets  closed,  the 
surface  of  the  water,  if  it  could  be  seen,  is  comparatively  quiescent ; 
but  on  opening  the  stop- valve  and  starting  the  engine,  or  on  lifting 
the  safety-valve  by  hand,  or  in  any  other  way  relieving  the  pressure, 
however  slightly,  then  more  or  less  violent  ebullition  immediately 
takes  place,  due  to  the  fact  that  the  heat  stored  in  the  water  is  in 
excess  of  that  required  at  the  reduced  pressure,  and  this  liberated  heat 
goes  to  evaporate  water. 

A  similar  effect  occurs  in  the  case  of  water  in  steam-cylinders  when 
the  pressure  is  reduced  by  expansion,  or  during  exhaust ;  the  heat 
present  in  the  water  at  the  initial  pressure  and  temperature  exceeds 
that  which  the  water  can  retain  at  lower  pressures,  hence  a  portion 
of  the  water  is  evaporated  from  this  cause  as  soon  as  the  pressure 
falls  (see  "  Re-evaporation,"  p.  112). 

(6)  It  will  be  noticed  that  the  latent  heat  decreases  as  the  pressure 
and  temperature  increase.  Considering  the  component  parts  of  latent 
heat  separately — 

First,  the  heat  (E)  transformed  into  external  work.  The  boiler, 
the  steam -pipe,  and  the  cylinder  up  to  the  face  of  the  piston  may 
be  looked  upon  as  one  vessel,  having  a  movable  side,  represented 
by  the  piston,  by  which  the  volume  may  be  increased.  During 
the  formation  of  steam  in  the  boiler,  each  successive  portion  of  the 
steam  generated  expands  from  its  volume  as  water  to  its  volume 
as  steam,  against  the  resistance  of  the  surrounding  pressure;  and 
thus,  in  addition  to  the  heat  contained  in  the  steam,  heat  has  been 
expended  at  the  moment  of  formation  in  the  boiler  in  doing  the  work 
of  finding  room  for  the  steam,  which  is  found  by  the  movement  of 
the  piston.  The  heat  thus  expended  in  the  performance  of  external 
work  is  the  quantity  E,  the  value  of  which  in  the  table,  though  not 
quite  constant  at  all  pressures,  is  nearly  so,  increasing  slowly  as  the 
pressure  increases. 

The  heat  expended  in  external  work  during  formation  of  steam  at 
200  Ibs.  and  14-7  Ibs.  pressure  respectively  is  as  follows  :  — 

200  X  144  X    2-29  4-  778  =  84-3  heat-units 
14-7  X  144  X  26-64  4-  778  =  72'3 


12-0 

or  a  difference  of  16 '8  per  cent.,  showing  the  extent  of  the  increase  in 
the  value  of  E  between  the  limits  of  pressure  given. 

This  heat,  it  should  be  remembered,  having  been  expended  during 
the  process  of  formation  of  the  steam,  is  not,  and  never  has  been, 
present  in  the  steam,  but  was  supplied  as  required  from  the  original 
source  of  heat.  Condensation  in  the  cylinder  of  a  steam-engine, 
therefore,  so  long  as  the  cylinder  is  in  communication  with  the  boiler, 
is  not  due  to  the  performance  of  work. 

As  soon,  however,  as  cut-off  takes  place,  the  steam  is  no  longer  in 
communication  with  the  original  source  of  heat,  and  all  the  work  to 


32  STEAM-ENGINE    THEORY  AND   PRACTICE. 

be  done,  during  the  expansion  of  the  steam  from  the  point  of  cut-off 
till  it  leaves  the  engine,  must  be  done  at  the  expense  of  the  intrinsic 
energy  of  the  working  fluid  in  the  cylinder,  which  includes  the 
internal  latent  hea,t  of  the  steam  p,  and  that  portion  of  the  heat  of  the 
water  h  which  it  gives  up  during  expansion. 

When  steam  is  used  in  the  cylinder  without  expansion,  it  is  the 
external  latent  heat  E  which  is  used,  and  the  small  proportion  which 
this  bears  to  the  total  heat  will  be  seen  from  the  Table.  Thus,  for 
1  Ib.  of  steam  at  100  Ibs.  per  square  inch  absolute,  the  external  latent 
heat  E  is  81-2,  and  the  total  heat  from  32°  Fahr.  is  1181-9,  or  the 
proportion  of  the  useful  work  done  to  the  heat  expended  is  only  6 '9 
per  cent.,  and  this  is  the  maximum  efficiency  possible  when  no  further 
attempt  is  made  to  utilize  the  heat  still  contained  in  the  steam  by 
making  use  of  its  expansive  properties. 

When  steam  is  formed  under  pressure,  work  is  done  against  the 
pressure  (  =  PV,  the  product  of  the  pressure  and  the  volume  of  the 
steam  formed),  and  steam  condensed  under  pressure  has  work  done 
upon  it  by  the  pressure  (also  =  PV,  or  the  product  of  the  pressure  and 
the  volume  of  the  steam  condensed). 

Density  and  Volume  of  Steam. — Various  formulae  have  been  devised 
to  show  the  relation  between  the  pressure  and  volume  of  steam,  and 
to  draw  the  curve  known  as  the  curve  of  constant  steam  weight.  This 
relation  has  not  yet  been  determined  by  experiment  except  for  a  limited 
range  of  pressures.  From  the  experiments  of  Messrs.  Tate  and  Unwin, 
the  following  formula  has  been  deduced  : — 

,  =  0-41+      389 


p  +  0-35 
or  (v  -  0-41)(p  -f  0*35)  =  constant  =  389 

where  p  =  pounds  per  square  inch  absolute,  and  v  =  volume  of  1  Ib.  of 
steam  in  cubic  feet  at  pressure  p. 

A  formula  of  the  following  form  gives  very  accurate  results  : — 

pv"  =  constant 

For  dry  steam  the  value  of  the  index  n  is,  according  to  Zeuner,  1-0646, 
and  the  constant  is  479  for  pressures  in  pounds  per  square  inch  and 
volumes  in  cubic  feet,  thus — 

^i-o646  =  479 

Rankine  gave  n  =  y| ;  thus— 

JJL 
pv1G  -  constant  =  482 

or,  as  given  by  Mr.  Brownlee — 

p^v  =  330-36 
then  log  v  =  2-519  -  0-941  logp 

equals  the  logarithm  of  the  volume  of  1  Ib.  saturated  steam  in  cubic 
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feet.     The  density  of  steam,  D  (or  its  weight  per  cubic  foot),  is  the 
reciprocal  of  the  volume. 


"  V  "  330-36 
or  log  D  =  0-941  log  p  -  2-519 

Equivalent  Evaporation  from  and  at  212°  Fahr.— It  is  usual,  in  ex- 
pressing evaporation  results  in  steam-boiler  trials,  to  reduce  them  all 
to  one  common  standard,  namely,  that  of  the  number  of  pounds  of  water 
which  would  be  evaporated  with  the  same  number  of  heat-units  from 
a  feed  temperature  of  212°  into  steam  at  212°.  If  the  feed  water  be 
at  a  temperature  of  32°,  then  the  total  number  of  heat-units  required 
to  evaporate  the  water  at  a  given  pressure  may  be  found  from  the 
table  of  total  heat  of  evaporation ;  but  if  the  feed  water  be  at  some 
higher  temperature,  tfi  then  the  heat-units  required  per  pound  are  less 
than  the  total  heat  H  from  the  Tables  by  tf  -  32. 

H  -  (tf  -  32)  =  H  -f  32  -  t  =  heat-units  per  pound 
But  the  heat-units  required  to  convert  1  Ib.  of  water  at  212°  into 
steam    at    212°  =  966    units.       Therefore   the    equivalent    weight    of 
water,  Ww  evaporated  "from  and  at  212°  Fahr." — 


EXAMPLE. — A  boiler  evaporates  9  Ibs.  of  water  per  pound  of  coal, 
working  at  a  pressure  of  90  Ibs.  absolute,  feed  temperature  60°  :  find 
the  equivalent  evaporation  from  and  at  212°  Fahr. 

H  4-  32  -  tf  1179-6  4-32-60 

Wx--966—  =  9*-        ^T      -=10-728  Ibs. 

where  W  =  weight  evaporated  from  actual  feed  temperature. 

Incomplete  Evaporation.  Wet  Steam. — It  has  been  assumed  so 
far  that,  during  the  evaporation  of  the  1  Ib.  of  water,  the  whole  of 
the  water  is  completely  evaporated  to  dry  steam.  But,  in  practice, 
the  steam  from  steam-boilers  always  contains  more  or  less  moisture 
in  suspension.  Sometimes  the  moisture  present  is  considerable. 
The  total  heat  required  to  produce  wet  steam  is,  of  course,  less  than 
that  to  produce  the  same  weight  of  dry  steam,  by  the  latent  heat 
which  would  be  necessary  to  convert  the  proportion  of  moisture 
present  into  steam.  This  is  an  important  point  to  bear  in  mind 
in  estimating  the  evaporative  efficiency  of  steam-boilers,  and  many 
impossible  results  have  been  claimed  for  boilers  through  neglect  to 
estimate  the  quality  of  the  steam  obtained  as  to  dryness.  Thus, 
suppose  a  boiler  to  supply  perfectly  dry  steam  at  a  pressure  of  90  Ibs. 
absolute,  corresponding  to  a  temperature  of  320°  Fahr. ;  temperature 
t  of  feed-water  =  60°  Fahr.  Then  the  total  heat  of  evaporation — 

=  H  -  (t  -  32) 

=  11796  -  (60  -  32) 

=  1151-6 
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Or  the  total  heat  of  evaporation  might  be  written  — 

Q  =  a?L  +  \  -  lif 

where  x  =  the  dryness  fraction  of  the  steam.     Then,  if  x  =  1,  which 
is  the  case  for  perfectly  dry  steam  — 

Q  =  889-6  +  290  -  28 
=  1151-6 

The  values  of  h  and  L  are  obtained  from  the  steam  tables,  or  may 
be  calculated. 

If  the  steam  supplied  by  the  boiler,  instead  of  being  perfectly  dry, 
contains  say  10  per  cent,  of  suspended  moisture,  then  the  heat 
expended  per  pound  of  wet  steam  — 

=  Q  =  xL  4-  AI  -  *, 

=  (0-9  x  889-6)  -f-  290  -  28 
=  1062  64 

If  the  steam  from  the  boiler  is  assumed  to  be  dry,  and  the  10  per 
cent,  of  moisture  present  is  neglected,  the  evaporative  efficiency  of 
the  boiler  will  be  exaggerated.  For  1151-6  units  of  heat  from  the 
coal  will  evaporate  1  Ib.  of  water  from  feed-water  at  60°  Fahr.  into 
dry  steam  at  320°  Fahr.  But  the  steam  containing  10  per  cent,  of 
moisture  only  actually  requires  1062  '6  units  of  heat,  and  therefore 
the  weight  of  water  which  will  appear  to  be  evaporated  under  the 

latter    conditions  =         o~    =  1*086  Ib.,   or  8-6  per  cent,   more   than 


the  maximum  quantity  possible  had  the  steam  been  dry. 

It  is  equally  important,  in  determining  the  economy  of  steam- 
engines,  to  be  aware  of  the  quality  as  to  dryness  of  the  steam 
supplied  to  the  engine,  otherwise  the  engine  may  be  debited  with 
using  a  weight  of  steam  a  portion  of  which  it  has  not  received  as 
steam,  but  as  water. 

Dryness  Tests  for  Steam.  —  The  methods  adopted  to  determine 
the  condition  of  the  steam  supplied  by  a  boiler  as  to  dryness  are 
various. 

1.  The  Barrel  Calorimeter.—  A  common  though  somewhat  rough 
method,  unless  done  with  great  care,  is  that  of  the  barrel  or  tank 
calorimeter.  It  consists,  in  its  simplest  form,  of  a  barrel  placed  on 
a  weighing-machine  and  partly  filled  with  a  certain  weight  of  cold 
water,  into  which  steam  is  carried  by  a  pipe  reaching  nearly  to  the 
bottom  of  the  barrel,  and  having  a  perforated  end.  An  arrangement 
is  also  fitted  for  stirring  and  properly  mixing  the  hot  .  and  cold 
water.  The  increase  of  temperature  after  the  addition  of  a  certain 
weight  of  steam  to  the  cold  water  is  carefully  taken.  If  —  - 

W  =  original  weight  of  cold  water, 

w    =  weight  of  steam  (wet  or  .dry)  blown  in, 
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ti    =  temperature  of  cold  water, 
t.2    =  temperature  of  water  after  addition  of  steam, 
<3    =  temperature  of  the  steam, 
L  =  latent  heat  of  the  steam  at  given  pressure, 
x    =  pounds  of  dry  steam  supplied, 
Then— 

xL  +  w(t,  -  fa)    =    W(*2-*0 

Heat  lost  by  steam.  Heat  gained  by  water. 

or  — 


Or,  in  words,  if  the  heat  gained  by  the  water,  namely, 
is  reduced  by  the  portion  of  heat  given  up  by  the  water  added  which 
entered  as  steam  and  with  the  steam,  namely,  w(ts  —  <2),  the  remainder 
of  the  heat  must  be  due  solely  to  the  latent  heat  of  the  dry  steam 
supplied.  If,  therefore,  this  remainder  be  divided  by  the  latent 
heat  L  of  dry  steam  at  the  given  pressure,  the  quotient  gives  the 
weight  of  dry  steam  supplied. 

EXAMPLE. — If  a  barrel  or  tank  contains  200  Ibs.  of  water  at  a 
temperature  of  60°  Fahr.,  and  10  Ibs.  of  moist  steam  be  added  at 
a  pressure  of  85  Ibs.  absolute,  thus  raising  the  temperature  of  the 
water  to  110°  Fahr.,  find  the  percentage  of  moisture  in  the  steam. 
(Latent  heat  of  steam  at  85  Ibs.  pressure  absolute  =  892.  Tempe- 
rature 316°.) 

Then— 

\V(  t9  -  O  -  w(t3  -  t.2) 

x  = 


L 

_  200(110  -  60)  -  10(316  -  110) 

"892" 

=  8-9  Ibs.  of  dry  steam 
or — 

— r~ —  X  100  =  11  per  cent,  of  moisture 


2.  The  Separating  Calorimeter,  shown  in  Fig.  20,  is  designed  by 
Prof.  R.  C.  Carpenter.  It  consists  of  two  vessels,  one  within  the 
other,  with  a  steam  space  between.  The  wet  steam  is  supplied 
through  the  pipe  F,  and  the  water  contained  in  it,  after  striking 
the  convex  surface  of  the  bottom  of  the  cup  N,  is  thrown  outwards 
against  the  sides  of  the  cup,  passes  through  the  small  holes  or  meshes 
in  the  side  of  the  cup,  and  falls  into  chamber  C.  The  cup  N  serves 
to  prevent  the  current  of  steam  from  carrying  away  with  it  water 
which  has  already  been  deposited  in  chamber  C.  The  steam  now  freed 
from  moisture  passes  away  at  the  top  of  the  cup  N  into  the  outside 
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chamber  D,  and  is  discharged  at  the  bottom  of  the  vessel  through 
an  orifice,  H,  of  known  area,  which  is  so  small  that  the  steam  in  the 

calorimeter  suffers  no 
sensible  reduction  in 
pressure. 

The  pressure  in  the 
outer  chamber  D,  and 
also  the  weight  of  steam 
discharged  at  H  in  a 
given  time,  is  shown  by 
separate  scales  on  the 
pressure-gauge. 

The  rate  of  flow  of 
steam  through  a  given 
orifice  depends  upon 
the  pressure,  and  this 
rate  is  determined  by 
trial,  and  the  outside 
scale  on  the  gauge  is 
graduated  accordingly. 
The  readings  give 
the  weight  discharged 
in  ten  minutes.  By 
Napier's  law  the  flow 
of  steam  through  an 
orifice  from  a  higher 
to  a  lower  pressure  is 
proportional  to  the  ab- 
solute steam  pressure, 
until  the  pressure 
against  which  the  flow 
takes  place  equals  or 
exceeds  O6  of  that  of 
the  vessel  under  pres- 
sure. 

If  W  =  weight  of 
steam  flowing  through 
orifice  H  by  gauge 


FIG.  20. 

reading,  and  w  =  weight  of  moisture  separated  at  K — 

W 


The  quality  of  the  steam  x  =  w          X  100 


w 


the  amount  of  moisture  =  (1  —  x)  =  ^   .        X  100 

The  Throttling  Calorimeter  was  invented  by  Prof.  C.  H.  Peabody. 
The  form  described  here  is  a  modification  of  it  by  Prof.  R.  C. 
Carpenter.  The  action  of  this  calorimeter  depends  upon  the  fact 
that  the  total  heat  of  steam  at  high  pressure  is  greater  than  that 
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FIG.  21. 


at  low  pressure,   and   on   falling  in  pressure   the   excess   of   heat   is 
liberated,  and  goes  first  to  evaporate  any  moisture  present,  and  then 
to   superheat   the   steam 
at  lower  pressure,  if  the 
excess   of    heat   is   suffi- 
cient. 

In  the  figure  (21),  the 
steam  passes  from  the 
main  steam-pipe  at  boiler 
pressure  into  the  vessel 
C,  where  it  falls  nearly 
to  atmospheric  pressure, 
and  passes  away  by  the 
exhaust  opening  at  bot- 
tom of  vessel. 

The  temperature  of 
the  steam  in  vessel  C  is 
taken  by  the  thermome- 
ter as  shown,  and  this 
temperature  is  then  com- 
pared with  the  normal 
temperature  of  the  steam 
due  to  its  pressure. 

The  pressure  of  the  steam  in  the  calorimeter,  above  the  atmosphere, 
is  read  from  the  manometer  or  U-tube  shown  in  the  figure.  This 
reading,  added  to  that  of  the  barometer,  gives  the  absolute  pressure  in 
the  calorimeter. 

EXAMPLE.— The  total  heat  in  1  Ib.  of  steam  at  100  Ibs.  pressure 
absolute  is  1182,  and  that  in  1  Ib.  of  steam  at  20  Ibs.  absolute  is  1151, 
and  if  the  steam  were  allowed  to  expand  from  100  Ibs.  in  the  steam- 
pipe  to  20  Ibs.  pressure  in  vessel  C  without  doing  external  work,  the 
units  of  heat  liberated  per  pound  =  (1182  —  1151)  =  31.  If  the 
steam  in  vessel  C  is  at  20  Ibs.  absolute  pressure,  its  latent  heat  is 
954  units.  The  weight  of  moisture  which  the  excess  heat  will  evaporate 
will  therefore  be  31  -f-  954  =  0-032  Ib. 

If,  however,  the  amount  of  moisture  present  was  less  than  this, 
then  the  balance  of  the  excess  heat  would  superheat  the  remaining 
steam  above  its  normal  temperature,  and  the  excess  would  be  shown 
by  the  thermometer.  In  such  a  case  the  percentage  of  moisture  may 
be  computed  from  the  formula  given  below.  If  the  moisture  present  is 
greater  than  the  excess  heat  can  evaporate,  then  no  superheating  takes 
place,  and  this  calorimeter  would  not  be  applicable.  It  is,  however, 
very  accurate  within  the  limits  of  its  action,  namely,  with  steam  con- 
taining not  more  than  from  2  to  3  per  cent,  of  moisture. 

If  <j  =  temperature  of  steam  in  main  steam-pipe,  t2  =  temperature 
in  vessel  C  into  which  the  steam  has  been  expanded  to  a  lower  pressure, 
and  £j  =  normal  temperature  of  steam  in  C  due  to  its  pressure  ;  then 
total  heat  per  pound  of  steam  carried  into  calorimeter  -  A,  -f-  rrL,.  In 
the  calorimeter,  the  heat  in  the  steam  due  to  its  reduced  pressure 
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=  h..  -4-  Lj  when  the  moisture  is  just  evaporated  ;  and  if  there  is  sufficient 
excess  heat  to  superheat  the  steam,  then  heat  required  =  048  (t2  —  /3). 
Then  — 


or  — 

_ 


Expansion  of  Steam.  —  We  have  seen  (p.  32)  that  when  saturated 
steam  is  worked  without  expansion,  only  about  from  6  to  8  per  cent. 
of  the  heat  expended  is  converted  into  useful  work.  It  will  now  be 
shown  how  further  work  can  be  obtained  from  the  steam  by  expanding 
it  in  a  cylinder  after  communication  with  the  boiler  has  been  cut  off, 
by  making  use  of  as  much  as  possible  of  the  internal  energy  con- 
tained in  the  enclosed  steam  before  exhausting  it  into  the  air  or 
condenser. 

When  steam  is  admitted  to  the  cylinder  for  a  portion  of  the  stroke 
only,  the  piston  being  driven  forward  during  the  remainder  of  the 

stroke  by  the  internal  energy  of  the  en- 
closed steam,  the  diagram  of  work  is 
similar  to  that  shown  in  Fig.  22. 

Let  Op  i  =  initial  pressure  of  steam  ; 
OV2  =  length  of  stroke  ;  pLa  —  line  of  con- 
stant pressure  of  steam  during  admission 
and  while  communication  is  open  between 
boiler  and  cylinder  ;  a  =  point  of  cut-off  ; 
ab  =  expansion  line  representing  fall  of 
pressure  from  pl  to  p.2  during  expansion  of 
FIG.  22.  the  steam  from  OVa  to  OV2. 

Here  the  steam  is  expanded  from  pres- 
sure P!  to  pressure  p2l  and  exhausted  against  a  back  pressure  p2. 

The  total  or  gross  work  performed  =  area  of  whole  figure  O/^a&Vj  O. 
The  total  work  done  during  admission  =  area  G^aV^     This  is  all 
the  work  which  the  steam  would  do  if  there  were  no  expansion. 
The  total  work  done  during  expansion  —  area  V1a6V2. 
The  work  performed  against  back  pressure  =  area  Op.2bV2. 
The  net  or  effective  work  done  =  area  p^abp.^. 

Then  of  the  total  work  done,  the  work  gained  by  using  the  steam 
expansively  is  shown  by  the  area  "V^a&Vg,  and  this  area  is  increased  the 
higher  the  initial  pressure  and  the  greater  the  number  of  times  the 
steam  is  expanded. 

The  Table  in  the  Appendix  gives  the  factor  for  obtaining  the 
mean  pressure  during  admission  and  expansion,  having  given  the 
initial  absolute  pressure,  or  the  ratio  of  expansion,  or  the  number  of 
expansions. 

By  "  number  of  expansions"  is  meant  the  number  of  times  the  final 
volume  of  the  steam  in  the  cylinder  contains  the  original  volume 
expanded. 

The  Expansion  Curve.  —  The  character  of  the  expansion  curve  of  the 
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steam  after  cut-off  depends  upon  the  conditions  as  to  loss  or  «ain  of 
heat  by  the  steam  during  expansion. 

Three  important  cases  will  be  considered  :  — 

1.  The  Hyperbolic  Curve.— When  the  curve  is  represented  by  a 
rectangular  hyperbola,  or  by  the  formula  pv  =  constant.  This  curve 
approximately  coincides  with  that  obtained  in  practice,  and,  being 
simpler  in  construction  than  the  other 
curves,  is  the  one  most  usually  applied 
to  obtain  approximate  results  by  cal- 
culation of  the  work  done  in  engine 
cylinders. 

When  ab  (Fig.  22)  is  a  curve  fulfilling 
the  condition  ^.v  =  constant,  the  area  of 
the  whole  figure  is  given  as  follows  : 


Oa  =  Op,  X  Ov,  =  Plv, 
also  the  area  Ob  =  Op2xOv.2=p.2v2  -  p^i\ 
The  area  v^ibv*  =  p-lvl  x  logtr,  where 


0  V 

a  -  PV  =  constant  =  hyperbolic  curve 

b  =•  PVTB  =  constant  =  saturation  curve 

c  =  PV~9~=  constant  =  adiabatic  curve 

FIG.  23. 


Therefore  the  whole  area  of  O/^a&iVj  =  ^^(l  +  loger). 

In  practice  there  is  always  more  or  less  back  pressure  acting  against 
the  piston,  which  reduces  the  effective  work. 

Thus  if  op.2  =  back  pressure,  then  effective  work  =  ^i(l  +  logtr) 
—  p2v.2 ;  but  in  all  cases  effective  work  =  pmvzi  where  pm  =  mean 
effective  pressure  throughout  the  stroke,  and  v.2  =  total  volume  of 
piston  displacement. 

Therefore  omitting  clearance — 


or  — 


where  p2  =  pb  =  back  pressure. 

2.  The  Saturation  Curve.  —  When  the  steam  in  the  cylinder  expands, 
doing  external  work,  and  receives  heat  during  the  expansion   from 
some  external  source  (as  a  steam-jacket),  just   sufficient  to  prevent 
any  condensation  of  the  steam  taking  place,  the  expansion  curve  is 
said  to  be  the  "  curve  of  constant  steam  weight,"  and  its  condition  at 
any  point  of  the  expansion  as  to  volume,  pressure,  and  temperature 
corresponds  with  the  numbers  given  in  Regnault's  Tables  for  saturated 
steam.     This  curve  may  consequently  be  drawn  for  1  Ib.  of  steam  by 
taking  the  values  for  volume  and  pressure  given  in  the  Tables. 

An  approximate  formula  given  by  Rankine  for  the  curve  of  constant 

steam  weight  is  pv^  =  constant. 

3.  The  Adiabatic  Curve.  —  This  curve  represents  the  expansion  of 
steam  without  gain  of  heat  from  a  jacket  or  any  other  source,  or 
without  loss  of  heat  by  radiation,   conduction,   or   any  other    cause, 
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except  the  loss  of  the  heat  which  is  transformed  into  work  during  the 
expansion.  Such  conditions  are,  of  course,  ideal,  but  they  serve  as 
a  useful  standard  with  which  to  compare  the  actual  results  obtained 
in  practice. 

While  the  expansion  proceeds,  the  weight  of  steam  present  as  steam 
is  continually  being  reduced  owing  to  partial  condensation  due  to 
the  performance  of  work  at  the  expense  of  the  heat  contained  in  the 
expanding  steam.  It  will  therefore  be  evident  that  the  pressure  will 
fall  continuously  below  that  of  the  "curve  of  saturation,"  which  is 
the  curve  which  would  be  obtained  if  no  condensation  took  place. 

An  approximate  expression  for  the  form  of  the  adiabatic  curve  is 

given  by  Rankine,  namely,  pv^  =  constant. 

According  to  Zeuner,  n  =  1*135  for  the  adiabatic  curve  for  dry 
saturated  steam  ;  or  for  wet  steam  when  x  =  the  dryness  fraction, 
then  n  =  O'lx  +  1-035.  Thus,  given  steam  with  5  per  cent,  of  wet- 
ness, then  n  =  (0-1  x  0'95)  -f  1-035  =  M30.  For  superheated  steam, 
»  =  1-333. 
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TEMPERATURE-ENTROPY  DIAGRAMS. 

THE  indicator  diagram  represents  by  an  area  the  work  done  per 
stroke  in  foot-pounds,  the  area  consisting  of  pressure  and  volume  for 
its  rectangular  co-ordinates. 

The  temperature-entropy  diagram,    as  applied    to   engineering  pur- 
poses, represents  the  heat -units  converted  into  work  per  pound  of  the 
working    fluid.       In    this    diagram    the 
vertical  ordinates  represent  temperature  w 

reckoned  from  absolute  zero,  and  the  area 
of  the  figure  is  quantity  of  heat,  Q,  in 
heat- units.  The  horizontal  dimension  is 
obtained  by  dividing  the  heat-units  sup- 
plied during  any  given  change  by  the 
mean  absolute  temperature  during  the 
change.  To  this  horizontal  dimension 
Clausius  gave  the  name  of  "  entropy." 

Entropy  is  length  on  a  diagram  whose 
height  is  absolute  temperature,  and 
whose  area  is  energy,  Q,  in  heat-units. 

Any  change  of  heat  received  or  re- 
jected results  in  a  change  of  entropy, 

the  amount  of  the  change  being  equal  to  the  sum  of  the  heat  elements 
added  or  subtracted,  each  being  divided  by  the  absolute  temperature 
of  the  substance  at  the  time  of  the  change ;  then — 

Entropy  =  ^ 

The  Greek  letter  6  (iheta)  was  used  by  Maxwell  to  stand  for 
absolute  temperature,  and  </>  (phi)  was  used  by  Rankine  and  by 
Maxwell  to  denote  entropy.  Mr.  Macfarlane  Gray,  therefore,  gave 
the  name  0<f>  (fheta-phi)  to  this  heat  diagram,  just  as  pv  is  a  name  for 
the  work  diagram  of  pressure  and  volume  as  co-ordinates. 

If,  in  Fig.  24,  ab  represent  a  line  of  constant  temperature  Tlt  and  cd 
the  line  of  constant  temperature  T2 ,  also  ac  and  bd  lines  of  constant 
entropy  ^  and  <£2  respectively,  then  the  area  abed  represents  to  scale 
the  heat-units  involved  in  the  change  of  temperature  of  unit  weight 
of  the  substance  heated  from  temperature  T2  to  T,,  or  cooled  from  T, 
to  T2. 

Change  of  temperature  is  here  represented  by  change  of  vertical 
height  of  the  temperature  lines,  and  change  of  entropy  by  a  cluing- 
of  horizontal  length  measured  along  the  scale  of  entropy.  Then  the 
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FIG.  25. 


quantity  of  heat,  Q,  involved  in  any  cycle  of  operations,  abed,  is  given 
thus : 

Q  =  (T,  -  T2)(02  -  fa) 

Isothermal  lines  are  lines  of  constant  temperature ;  adiabatic  lines 

arc  lines  of   constant  en- 
tropy. 

Entropy  may  also  be 
expressed  on  the  pressure- 
volume  diagram  by  the 
intersection  of  adiabatics 
and  isothermals,  thus 
(Fig.  25)  the  isothermals 
ab  and  cd  represent  lines 
of  constant  temperature, 
^  and  T2  respectively, 
and  ac,  bd  are  adiabatics, 
or  lines  of  constant  en- 
tropy, fa  and  <f>.2.  During 
the  expansion  from  a  to  b 
heat  has  been  added, 
though  the  temperature 
has  remained  constant  at 
Tj ;  the  change  is  represented  by  a  change  of  entropy  =  fa  —  fa. 

During  expansion  from  b  to  d  the  entropy  is  constant,  and  the 
change  is  represented  by  a  change  of  temperature,  Ta  —  T2. 

The  Temperature-Entropy  Diagram  for  Steam. — This  diagram,  first 
proposed  by  Willard  Gibbs,  and  afterwards  independently  by 
J.  Macfarlane  Gray,  illustrates  very  clearly  many  points  connected 
with  the  thermodynamics  of  steam,  which  can  only  be  otherwise 
solved  by  more  or  less  difficult  calculation. 

The  construction  of  the  diagram  will  be  best  understood  by  taking 
an  actual  case  ;  thus  — 

(1)  Heat  to  raise  Temperature  of  Water.— Taking  the  case  of  1  Ib.  of 
water  at  32°,  which  it  is  desired  to  convert  into  steam  at  some 
temperature  Ta,  then  the  heat  quantities  involved  in  the  various 
changes  are  represented  as  follows  : — 

Referring  to  Fig.  26,  let  OY  and  OX  represent  the  axes  of  tempe- 
rature and  entropy ;  and  on  the  vertical  ordinate  OY  draw  a  scale 
of  absolute  temperature  from  the  base  line,  which  is  the  zero  of 
temperature. 

Let  T0  be  the  absolute  temperature  493,  or  32°  Fahr.  Then  O 
may  be  taken  as  the  zero  of  entropy.  And  entropy  of  water  heated 
from  T0  to  Tx 

rT^dh     r^dt    T     T     i     m 

T   =  T  =      ge      l  ~      gt      ° 

J  To1         J  To1 

If  now  heat  be  added  to  the  1  Ib.  of  water  at  32°,  the  temperature 
gradually  rises  and  the  entropy  also  gradually  increases,  hence  the 
condition  of  the  water  as  to  heat  will  be  represented  by  the  tracing 
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of  the  curve  T0T2T15  etc.  The  quantity  of  heat  in  heat-units  sup- 
plied to  the  water  during  the  change  from  T0  to  T2  is  represented 
by  the  enclosed  area  OT0T2a.  Again,  suppose  T2  to  be  the  temperature 
of  a  boiler  feed-water,  and  the  water  is  heated  to  temperature  of 
boiling-point,  T15  then  the  quantity  of  heat  supplied  to  the  water 
between  temperatures  T2  and  Tl  is  represented  by  enclosed  area 
aTaTjfc  =  A  +  B  on  the  figure. 

The  horizontal  dimension,  Or  entropy,  for  water  raised  from  tempe- 
rature T0  to  T2  =  oa  =  loge  T2  -  loge  T0,  and  from  T2  to        =  ab  = 


-  loge  T2.     The  curve 


etc.,  is  called  the  "  water-line." 


TEMPERATURE  -  ENTROPY  DIAGRAM 
FOR  STEAM 
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ENTROPY  SCALE 
FIG.  26. 


The  "water-line"  is  practically  very  nearly  a  straight  line,  hence 
the  following  approximate  method  may  be  adopted,  which  dispenses 
with  the  use  of  logarithms  : — 

^  quantity  of  heat  added 

~~  mean  temperature  during  addition 

/rp     _  rp  ^ 

Entropy  =  irm    ,   m\  approximately 

2^-"-!   ~l~    *2) 

(2)  Heat  to  evaporate  Water  into  Steam.— When  the  boiling-point  of 
water  is  reached,  the  addition  of  heat  no  longer  raises  the  temperature, 
but  during  the  formation  of  steam  the  heat  is  added  at  constant 
temperature ;  the  change  is  an  isothermal  one,  hence  the  line  Tac  is 
horizontal,  and  it  is  extended  further  and  further  to  the  right  as 
more  arid  more  heat  is  added.  When  the  whole  of  the  1  Ib.  of  water 
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has  been  converted  into  steam,  the  length  of  the  line  TjC  for  steam  at 
temperature  T\ 

latent  heat  of  steam  at  T\       Lx 
absolute  temperature  1\    '  "  Tx 

or  total  entropy  of  1  Ib.  of  steam  at  T1}  measured  from  entropy  at  T0 
as  zero, 

m  T 

1 


The  heat  units  required  to  convert  the  1  Ib.  of  water  at  T\  into 
steam  at  Tl  is  represented  by  the  area  bT^f  =  C  -f  D. 

For  steam  generated  from  water  at  some  temperature  T2,  the  entropy 
of  the  steam,  or  the  length  of  the  line  T2d, 

=  L2-hT2 

or  total  entropy  of  1  Ib.  of  steam  at  T2,  measured  from  entropy  at  T0 
as  zero, 

1         T*    ,    L* 
-  "loge  ,jT  +  FTT 
J  0  J2 

The  curved  line  cd  to  the  right  of  the  diagram  is  obtained  by 
determining  points,  as  explained  above,  for  various  temperatures  and 
pressures,  and  drawing  a  free  curve  through  the  several  points,  c,  d, 
etc.,  thus  obtained.  This  curve  is  called  the  "dry-steam  line,"  or  the 
"  saturation  curve." 

If  the  1  Ib.  of  steam  at  Tx  be  expanded  adiabatically  to  T2,  then  the 
fall  of  temperature  during  expansion  is  represented  by  the  fall  of  the 
horizontal  line  Tac  to  position  T2#,  so  that  the  "  state  point  "  c  moves 
along  the  adiabatic  or  (constant  entropy)  line  eg,  while  T:  moves 
downward  along  the  water-curve  to  T2. 

The  heat  converted  into  work  during  admission  at  constant  tempe- 
rature Tx  and  expansion  down  to  T2  =  T2T1c</T2  =  B  -f-  C. 

At  the  end  of  adiabatic   expansion  the  proportion  of  the   1   Ib.  of 

steam  which  is  now  present  as  steam  =  x  =  ^r^. 

T!        L^    .    L2 


=  (cib  +  &/)  -4-  ae 

The  proportion  of  steam  condensed  by  performance  of  work  during 

gd 
expansion  =  1  —  x  = 


The  heat  rejected  to  the  condenser  =  area  aT2gfa  =  T>  -f-  A. 

If  heat  be  added  by  a  steam-jacket  or  other  means  to  the  expanding 
steam,  just  sufficient  in  quantity  to  prevent  any  condensation  of  the 
steam  due  to  work  done,  the  heat  so  added  =  area  fcde. 

The  "  state  point  "  c  of  the  steam  travels  during  expansion,  while 
the  steam  is  maintained  in  a  dry  condition,  along  the  dry-steam  line 
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cd.  The  additional  work  done  due  to  the  jacket  heat  =  area  cdcj. 
The  heat  rejected  to  condenser  =  T2dea. 

If  the  steam  is  wet  to  begin  with,   then  a  vertical   line  may  be 

T  s 
drawn  through  some  point  s,   making  —?-  =  xl  =  proportion  of   dry 

IjC 

steam  present ;  also  TjS  =  a^In  -4-  Tj,  and  if  the  steam  expands,  then 
the  proportion  of  dry  steam  present  at  end  of  adiabatic  expansion  from 
T!  to  T2  =  x.2  =  Tsw  -f-  T2d ;  or— 


>e  T1  +  ^  )  -5" 

^2  J-j     / 


EXAMPLE. — If  dry  steam  at  150  Ibs.  absolute  and  temperature  358° 
Fahr.  expand  to  atmospheric  pressure,  find  the  value  of  x>  when  the 
expansion  is  adiabatic. 


673 

966 


=  0-87 


To  draw  Constant-volume  Curves  on  the  Temperature-entropy 
Chart. — On  an  independent  base-line  XY,  shown  above  the  tempera- 
ture-entropy diagram  (Fig.  27),  raise  a  scale  of  volumes  of  cubic  feet 


CUFT 


FIG.  27. 


to  the  right  of   Fig.    27.     From   this   scale  of   volumes  set   off  the 
number  of  cubic  feet  occupied  per  pound  of   steam  at  the  various 
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pressures  included  within  the  range  of  pressures  to  be  represented  on 
the  diagram. 

From  any  points,  aa,  b^  cit  on  the  saturation  curve  raise  projectors 
to  XY,  and  produce  them  above  XY,  making  them  equal  in  height  to 
the  volume  occupied  by  1  Ib.  of  steam  at  temperature  Oj,  blt  c1?  etc.,  as 
shown  at  a2,  &2,  c2.  From  a,  6,  and  c  draw  perpendiculars  to  meet  XY 
in  «3,  63,  c3,  and  join  these  points  to  a.2,  62,  c2  respectively. 

Then,  if  any  horizontal  be  drawn  from  the  scale  of  volumes  inter- 
secting the  lines  a2%,  &A»  e*c.,  as  at  ajb4c±,  the  horizontal  may  be 
considered  a  line  of  constant  volume  in  elevation,  and  corresponding 
points  may  be  obtained  in  plan  by  projecting  from  a4,  &4,  c4,  etc.,  to  cut 
aa^  bbL  respectively  in  points  a5,  65,  c5,  etc.  A  free  curve  drawn  through 
the  points  so  obtained  gives  the  constant-volume  line  a5b5c5.  Any 
number  of  further  lines  may  be  added,  as  shown  in  Plate  I.,  which  is 
the  temperature-entropy  chart  as  used  for  ordinary  drawing  office 
purposes,  and  containing  all  the  lines  necessary  for  plotting  any  case 
occurring  in  ordinary  practice.  This  chart  was  prepared  originally  in 
this  form  by  Captain  H.  Riall  Sankey,  to  whom  is  due  the  application 
of  the  constant-volume  line  to  the  chart. 

The  constant-volume  lines  may  be  drawn  by  direct  measurement ; 
thus,  if  bbL  is  equal  to  any  number  of  cubic  feet  (depending  on  the 
temperature  of  the  steam),  say  10,  then  bb}  may  be  divided  into  ten 
equal  parts,  which  may  be  numbered  from  left  to  right  1,  2,  3,  etc., 
respectively.  As  each  horizontal  line  represents  in  cubic  feet  the 
volume  of  the  steam  at  this  particular  pressure,  similar  subdivisions 
may  be  made  on  other  horizontal  lines,  and  if  the  corresponding 
numbers  be  respectively  joined,  the  required  constant- volume  lines 
may  be  drawn. 

The  chart  Plate  I.  is  the  portion  B  -f  C  of  the  temperature- entropy 
diagram  Fig.  26}  but  the  vertical  scale  of  temperatures  and  pressures 
has  been  greatly  enlarged,  which  gives  the  chart  considerable 
extension  vertically. 

The  various  temperature-entropy  diagrams  given  throughout  this 
book  have  been  drawn  to  various  scales.  Thus,  when  it  was  neces- 
sary to  include  the  exhaust-waste  area,  a  much  smaller  vertical  scale 
of  temperatures  has  been  used  ;  but  where  only  the  upper  or  "  useful- 
work  "  portion  of  the  diagram  was  required,  a  much-extended  tempe- 
rature scale  is  employed. 

Applications  of  the  Temperature-Entropy  Diagram.— Of  the  total 
heat  supplied  to  steam-engines,  from  2  to  10  per  cent,  may  be  con- 
verted into  useful  work  in  non-condensing  engines,  and  in  multiple 
expansion  condensing  engines  this  percentage  may  be  raised  as  high 
as  20  per  cent,  or  more. 

The  remainder  of  the  heat  is  lost  by  condensation  in  the  cylinder, 
by  radiation,  and,  lastly,  and  greater  than  all  the  rest,  by  the  amount 
carried  away  to  exhaust. 

This  loss  of  heat  to  exhaust  may  be  best  understood  by  a  careful 
study  of  the  temperature-entropy  chart,  from  which  it  will  be  seen 
how  the  proportion  of  exhaust  waste  may  be  most  effectively 
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reduced,  namely,  by  using  steam  of  the  highest  possible  initial 
pressure,  expanding  as  far  as  practicable,  maintaining  the  steam  in 
the  cylinder  in  the  driest  possible  condition,  and  finally  exhausting 
against  a  back  pressure  reduced  to  the  lowest  possible  limit. 

Every  unit  of  work  obtained  from  the  steam  during  expansion 
after  cut-off  is  obtained  by  recovering  a  portion  of  the  internal  energy 
of  the  steam,  the  whole  of  which  would  otherwise  pass  away  to  exhaust 
unutilized.  Therefore  the  greater  the  range  of  temperature  and 
pressure  through  which  the  working  fluid  acts  while  doing  useful 
work,  the  greater  the  possibility  of  gain  by  expansion,  and  the 
greater  the  proportion  of  the  total  heat  supplied  which  is  converted 
into  useful  work.  And  since  the  cost  in  heat-units  per  pound  of  steam 
at  high  pressures  is  very  little  more  than  for  steam  at  low  pressures, 
the  advantage  of  using  high  pressures  and  large  expansions  will  be 
obvious. 

Several    cases    will    now    be    considered,     illustrating   the    relation 
between   the    total    heat    added    and    the  heat  rejected  to 
exhaust. 

Case  I.  Steam  generated  at  atmospheric  pressure  and  ex- 
hausted into  the  atmosphere  at  32°  Fahr. 

This  corresponds  to  the  case  of  the  generation  of  steam 
in  a  boiler  open  to  the  atmosphere.  The  heat  quantities 
involved  in  this  case  have  been  already  given  (p.  30). 
The  heat  rejected  may  be  considered  in  connection  with  the 
condensation  of  1  Ib.  of  steam  in  a  cylinder  under  a  movable 
weightless  piston,  the  weight  shown  upon  the  piston  being 
intended  to  represent  atmospheric  pressure  (Fig.  28).  If 
the  cylinder  be  placed  in  communication  externally  with 
a  cold  body,  the  steam  will  be  condensed,  the  piston  will 
.gradually  fall,  and,  if  the  cooling  action  be  continued,  the 
whole  of  the  steam  will  be  reduced  to  its  original  1  Ib.  of 


water  at  32°.  FIG  28. 

Here  the  heat  rejected  or  carried  away  by  the  cooling 
body  includes  — 

(1)  The  internal  latent  heat 893'G 

(2)  The  heat  of  external  work  or  work  done  upon  the  steam  by 

the  pressure  of  the  air  during  condensation    72'3 

(3)  The  heat  lost  by  the  water     180-7 

1140-0 

And  this  is  the  same  as  the  total  heat  supplied.  The  total  heat 
supplied  and  rejected  is  given  by  the  whole  area  of  the  diagram 
S  +  L  (Fig.  29),  and  no  useful  work  has  been  done. 

Case  II.  Steam  generated  at  atmospheric  pressure,  doing  work  on  a 
piston,  and  exhausted  into  a  condenser  at  32°  Fahr.,  representing  a  pressure 
0/0-085  Ib.  per  square  inch. 

Here  the  total  heat  supplied  per  pound  of  steam  is  the  same  as  in 
Case  I.,  but  the  heat  rejected  is  less,  as  will  be  understood  by  reference 
to  the  cylinder  and  piston  in  Fig.  28.  For  suppose  that,  when  the 
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cooling  commenced,  the  piston  had  been  secured  so  that  it  could  not 
fall  as  the  pressure  of  the  steam  decreased,  and  that  the  whole  of  the 
steam  is  condensed  to  water  at  32°  Fahr.  Then  evidently  the  heat 
rejected  is  less  than  in  the  previous  case  by  the  amount  of  work  done 
upon  the  steam  by  the  falling  piston  under  atmospheric  pressure ; 
or — 

Heat  rejected  =  total  heat  —  external  work 
=  1146-6-  72-3 
=  1074-3 

for  this  particular  case. 

The  result  is  given  by  the  areas  Fig.  30.  The  area  abcde  is 
the  total  heat  supplied.  The 
curved  line  bd  enclosing  the 
external- work  area  is  the  "  con- 
stant-volume line,"  drawn  as 
explained  on  p.  45,  and  it 


212 


32 
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FIG.  29. 


FIG.  30. 


represents  the  gradual  fall  of  temperature  and  loss  of  entropy  of 
the  steam  during  condensation  at  constant  volume,  that  is,  with  the 
piston  rigidly  secured  at  the  top  of  the  cylinder  while  condensation 
takes  place,  till  a  temperature  of  32°  is  reached.  Then  the  heat 
below  this  line  is  the  heat  rejected ; 

and  total  heat  —  heat  rejected  =  external  latent  heat 

Thus,  the  constant-volume  line  serves  the  purpose  also  of  enclosing 
an  area  representing  the  external  latent  heat,  and  of  separating  the 
external  energy  from  the  internal  energy  of  the  steam. 

The  indicator  diagram  for  such  a  case  is  a  rectangular 
parallelogram. 

Case  III.  Steam  at  atmospheric  pressure  exhausted  into  a  condenser 
against  a  back  pressure  of  5  Ibs.  absolute. 

The    effect  is  the  same  as  though,   when  the  piston   had    arrived 
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at  the  extreme  height  due  to  the  volume  of  1  Ib.  of  steam  at  212°, 
the  piston  is  secured,  the  weight  representing  the  atmospheric 
pressure  removed,  and  a  weight  one-third  its  size  placed  on  the 
piston  (Fig.  31). 

Here  the  steam  will  condense  at  constant  volume  till  the  pressure 
falls  to  5  Ibs.  on  the  square  inch,  when  the  piston  will  begin  to  fall 
and  the  volume  to  decrease,  and,  if  the  cooling  be  continued,  the 
whole  of  the  steam  may  be  reduced  to  1  Ib.  of  water  at  32°  Fahr. 

Heat  lost  by  water  =  (212°  -  32°) 180-0 

Internal  heat     8935 

T5S  external  work  =  \  of  72-3 24/1 

1097-6 

The  indicator  or  pv  diagram  for  this  case  is  represented  by  Fig.  32. 
The  areas  A  +  B  represent  the  total  work  done ;  area  A  =  useful 

work,  and  area  B  =  work  against  back 
pressure. 

The  heat  quantities  involved  are 
illustrated  by  the  temperature-entropy 
diagram,  Fig.  33,  where  area  A  coin- 
cides with  A,  Fig.  32,  area  B  with 


ill 


FIG.  31. 
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FIG.  32. 


FIG.  33. 


B,  Fig.  32.  When  1  Ib.  of  steam  condenses  at  constant  volume 
from  15  Ibs.  to  5  Ibs.  pressure  per  square  inch,  the  condition  of  the 
steam  during  the  process,  or  the  path  of  the  state  point,  is  traced 
by  the  constant-volume  line  fe.  At  e  the  weight  of  steam  now 
remaining,  namely,  ce  4-  ch  Ib.,  continues  to  be  condensed,  but  no 
longer  at  constant  volume,  but  under  constant  pressure  of  5  Ibs.  per 
square  inch,  during  which  the  line  ec  is  traced  by  the  state  point 

B 
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till  the  steam  has  become  water  at  temperature  due  to  pressure  of 
5  Ibs.,  namely,  162°  Fahr.  The  temperature  of  the  1  Ib.  of  water 
falls  still  further  to  32°  Fahr.,  and  the  heat  thus  given  up  by  the 
water  is  represented  by  the  area  abed.  The  total  heat  rejected  in 
this  case  is  given  by  the  whole  area  below  the  cross-lined  portion  of 
the  figure,  namely,  the  area  abcefg. 

Case  IV.  Showing  the  work  done  by  steam  at  various  initial  pressures 
without  expansion  (Fig.  34). 

For  steam  of  50  Ibs.  pressure,  admitted  through  the  whole  length 
of  stroke  and  exhausted  against  atmospheric  pressure,  the  work  done 


Cut- ft. 


FIG.  34. 

per  pound  is  shown  by  the  shaded  area  A.  The  value  of  this  area  in 
heat-units  may  be  obtained  by  direct  measurement  with  the  plani- 
ineter,  or  it  may  be  obtained  from  the  steam  Tables,  thus :  the 
external  latent  heat  of  steam  at  50  Ibs.  pressure  is  77'7  ;  the  external 
latent  heat  of  (ac  ~  ag)  Ib.  of  steam  at  212°  =  area  tac  =  72'3  X  84 
-f-26  =  23-4,  72-3  being  the  external  latent  heat  of  steam  at  212° 
Fahr.,  fc  the  constant-volume  line  for  8-4  cub.  ft.,  and  26  the  volume 
in  cubic  feet  of  1  Ib.  of  steam  at  212°. 

Then  the  shaded  area  A  =  77 '7  -  23 -4  =  54-3  heat  units,  and  the 
efficiency  of  the  steam  =  54-3  4-  total  heat  of  steam  at  50  =  54 -3  ~ 
1167'6  =  4-65  per  cent.,  reckoning  feed-water  at  32°.  The  remainder 
passes  away  to  exhaust;  namely,  1167'6  —  54-3  =  1113-3  heat-units. 

If,  now,  the  pressure  were  raised  to  150  Ibs.,  and  still  worked 
without  expansion,  then  the  work  done  per  pound  of  this  steam, 
exhausted  against  atmospheric  pressure,  is  represented  by  the  area  B 
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enclosed    by   the    figure    adeb.       This    area  =  83  —  (72 -3  x  3  4-  26) 

7'1  7 
=  74-7,  and  the  efficiency  of  the  steam  =  -  =  6'3  per  cent. 

This  is  not  a  much  larger  efficiency  than  with  steam  of  50  Ibs. 
pressure.  The  loss  per  pound  of  steam,  due  to  the  back  pressure  of 
the  atmosphere,  with  the  higher  pressure  of  150  Ibs.,  namely,  the 
triangular  area  abt,  is  less  than  the  area  act,  which  is  the  loss  due 
to  atmospheric  back  pressure  per  pound  of  steam  at  50  Ibs.  pressure. 
The  loss  to  exhaust  is  1191  '2  -  747  =  1116-5  heat-units,  or  nearly 
the  same  as  before. 

If  steam  at  150  Ibs.  pressure— occupying  3  cub.  ft.  per  pound— had 
been  used  without  expansion  in  the  same  cylinder  which  previously 
contained  1  Ib.  of  steam  at  50  Ibs.  pressure,  and  having  a  volume  of 
8-4  cub.  ft.,  then  the  actual  work  done  in  the  cylinder  per  stroke  in 
the  two  cases,  as  distinguished  from  the  work  done  per  pound  of  steam 
will  be— for  1  Ib.  of  steam  at  50  Ibs.  pressure  =  54-3  x  778  =  42,245-4 
foot-lbs.,  and  for  (8-4-7-3  =  2-8)  Ibs.  of  steam  at  150  Ibs.  pressure  = 
2-8  x  74-7  x  778  =  162,726 -5 foot- 
lbs.,  or  3-85  times  the  amount  with 
the  higher  pressure,  and  chiefly 
because  a  greater  weight  of  steam 
has  been  employed. 

It  will  be  remembered  that  the 
weight  of  coal  consumed  depends, 
roughly  speaking,  upon  the  weight 
of  water  evaporated. 

Case  V.  Showing  the  eject  of 
us'ng  the  steam  expansively  on  the 
extension  of  the,  useful-work  area, 
and  on  the  reduction  of  the  pro- 
portion of  the  total  heat  rejected  to 
exhaust. 

The  case  has  been  chosen  of 
steam  at  60  Ibs.  absolute  pressure, 
expanded  adiabatically  2,  3,  4,  ... 
10  times,  and  working  down  to 
a  back  pressure  of  3  Ibs.  Area  A 
(Fig.  35)  represents  the  work 
done  during  admission,  all  the  FIG.  35. 

areas   being    measured    down    to 

the  3-lbs.  pressure  line ;  area  B  represents  the  gain  by  two  expan- 
sions ;  area  C  the  gain  by  three  expansions,  and  so  on.  These  areas 
are  traced  off  the  temperature-entropy  chart,  Plate  I.  The  values  of 
the  respective  areas  are  given  approximately  in  the  following  table, 
measured  from  the  chart  by  the  planimeter : — 


A. 

B. 

C. 

D. 

K. 

F. 

G. 

II. 

J. 

K. 

Total. 

75 

44 

22 

14-5 

10-2 

7-6 

5-9 

47 

3-8 

:;, 

190-8 
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From  which  it  will  be  seen  that  the  total  work  done,  expanding 
ten  times,  is  190  8  -f-  75  =  2-54  times  the  work  done  without  expansion. 
If  a  line  be  drawn  (Fig.  35)  through  the  15-lbs.  line  of  pressure, 
then  all  the  area  below  this  line  down  to  the  3-lbs.  pressure  line 
represents  the  gain  by  working  condensing,  otherwise  lost  to  exhaust. 


3587150 


ISO 


140 


FIG.  36. 

It  shows,  also,  that  with  steam  at  60  Ibs.  pressure  not  more  than 
about  3£  expansions  could  be  used  if  the  engine  were  non-condensing, 
and  worked  against  a  back  pressure  of  15  Ibs. 

Case  VI.  Showing  the  effect  of  adding  a  condenser  when  steam  of  hiyh 
initial  pressure  is  used,  with  and  without  expansion. 

When  the  steam  is  used  without  expansion  from  150  Ibs.  initial 
pressure,  exhausting  against  a  back  pressure  of  15  Ibs.,  the  heat 
converted  into  work  is  represented  by  area  A,  Fig.  36.  If  this 

steam  is  exhausted  into  a  condenser, 
the  additional  work  done  by  the 
steam  is  represented  by  the  area  D, 
which  is  only  a  very  small  proportion 
of  the  total  work  done.  If,  however, 
the  steam  is  worked  expansively, 
expanding  from  150  Ibs.  down  to 
15  Ibs.  without  condensing,  then 
the  useful-work  area  is  increased 
to  A  -f-  B  j  but,  to  permit  of  such 
expansion,  if  the  weight  of  steam 
used  is  exactly  1  lb.,  the  cylinder 
must  have  a  capacity  of  about  2  2 '5 

FIG.  37.  cub.  ft.,  instead  of  3  cub.  ft.  as  when 

used  without  expansion.     Further,  if 

a  condenser  be  added,  and  expansion  be  carried  down  to,  say  7  Ibs., 
and  exhausted  against  a  back  pressure  of  3  Ibs.,  the  additional  work 
done  is  represented  by  the  area  C.  To  expand  the  steam  down  to  so 
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low  a  pressure  as  7  Ibs.,  the  capacity  of  the  cylinder  must  be  in- 
creased to  about  44  cub.  ft.  (see  Plate  I.). 

From  this  it  will  be  seen  how  the  useful  work  obtained  per  pound 
of  steam  has  been  increased  by  raising  the  initial  pressure  and  ex- 
panding as  much  as  possible  ;  but  the  greater  the  expansion,  the 
larger  the  capacity  of  cylinder  required  to  contain  the  same  weight 
of  steam  at  the  low  terminal  pressure  before  it  is  finally  exhausted. 

The  indicator  or  pv  diagram  for  such  a  case  is  represented  by 
Fig.  37,  and  the  reference  letters  correspond  in  the  two  diagrams 
(Figs.  36  and  37). 

The  " State  Point"  of  the  Steam. — If  any  point  be  taken,  as 
p,  Fig.  38,  on  the  temperature-entropy  chart,  then  this  point 
determines  the  condition  of  the  steam  as  to  temperature,  pressure, 
dryness,  volume,  arid  internal  energy.  Thus,  the  horizontal  line  ab 
through  p  gives  the  temperature  and  pressure  ;  also  ap  -f-  ab  =  the 
dryness  fraction  per  pound.  The  constant-volume  line  through  p 
gives  the  volume  of  the  steam  present  as  steam.  This  volume  is  also 
equal  to  the  volume  per  pound  X  op  -f-  ab  at  the  pressure  given  by 
the  horizontal  through  p. 

The  constant-volume  line  also  separates  the  external  energy  E 
from  the  internal  energy  I,  the  area  shaded  below  the  constant- 
volume  line  and  between  the  verticals  drawn  from  p  and  32°  repre- 
senting the  internal  energy  in  the  steam  at  p  reckoned  from  32°. 


FIG.  38. 


FIG.  39. 


The  area  ape  =  E  is  the  heat  converted  into  work  during  formation 

of  (ap  -f-  ab)  Ib. 

The  area  I  =  H  -  ( L  x  ^  *)  -  ( ' E,  X  c> 
\          ab  J       \  c 

where  H  =  total  heat  of  1  Ib.  of  steam  at  temperature  a. 
L  =  latent  ,,  „  j> 

Ej  =  external  latent  heat       ,,  ,, 

I  =  internal  energy  of  steam  at  state  point  p. 
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Work  done  per  Pound  of  Steam  during  Admission  and  Expansion. 
—  1.  Referring  to  Fig.  39,  it  will  be  seen  that  the  work  done  (U)  in 
heat-units  per  pound  of  steam  during  admission  at  temperature  T\, 
with  adiabatic  expansion  to  temperature  T2,  and  exhausted  at  that 
temperature,  =  areas  B  +  C  ;  or— 

U  =  area  (C  +  B) 

=  area  C  +  area  (B  +  A)  —  area  A 

+  (T,  -  Ta)  -  T2  loge  ^   .  .  (I) 

^ 


-M 

assuming   the   specific    heat  of  water   at    all    temperatures  =  1,    and 
7ij  —  Ji2  =  Tj  —  T2  ;  or  approximately  — 

f  T    —  T  ^  T    —  T 

U  =  L'      TT    +  (T'  -  Ts)  -  T2KTTTt)     •    (2) 

The  formula  given  for  the  latent  heat,  L,  of  steam  is  1114—  O'Ttf  ;  or 
if  t  be  expressed  in  degrees  absolute  temperature,  then  — 

1114-  0-7t  =  x-  0-7(*  +  461) 

x  =  1437 
or  L  =  1437  -  0'7  T 

The  formula  (1)  then  becomes  — 

U  =  (1437  -  0-7T,)  (  ^7  T*  )  +  (T,  -  T2)  -  T2  10<5.  ^     (3) 

\  JL  -^  /  -^2 

2.  To  find  the  value  of  U  for  a  case  where  the  steam  expands 
adiabatically  from  T1  to  T2  and  exhausts  against  a  back  pressure  T3> 
as  in  Fig.  40. 

U  =  (1437  -  0-7T,)  (  -1  ~  T2  )  +  (T,  -  T2)  -  T2  loge  ^ 

i.!*!&trL6ffs 

778 

The  whole  of  the  expression,  except  the  last  fraction,  represents 
area  A,  Fig.  40,  and  the  last  fraction  represents  area  B.  The  full 

area  jp^T.^  =  A  +  B  +  C  may  be 
obtained  by  substituting  T3  for  T2 
in  equation  (3).  The  difference  (A 
+  B  +  C)  -  (A  +  B)  =  area  C, 
which  is  usually  rejected,  because  it 
does  not  pay  to  expand  so  far. 

In  equation  (4)  all  the  terms  are 
known  at  once  except  V2.     In  order 
FIG.  40.  to  find  the  value  of  V2,  or,  in  other 

words,  the  volume  of  steam  remain- 

ing as  dry  steam  after  adiabatic  expansion  from  Tl  to  T2,  it  will  be 
necessary  to  find  the  value  of  x,  or  the  dryness  fraction,  at  T2,  and 
to  multiply  by  x  the  volume  of  1  Ib.  of  saturated  steam  at  T2  (taken 
from  the  steam  Tables). 
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T 

x  =  (loge  r|r 


T 


T 

-T-  ~  (see  p.  44) 


3.  The  work  done"  per  pound  of  wet  steam  expanding  adiabatically 
from  1\  to  T2  and  exhausting  at  T.2,  when  the  proportion  of  dry 
steam  to  begin  with  =  x;  then  — 


U  =  xL-^        +  (T,  -  T,)  -  T2  loge    -! 

Al  12 


(5) 


4.  The  following  formula,  similar  in  form  to  that  given  by  Rankine, 
gives  the  work  done  by  1  Ib.  of  steam,  expanding  from  Tx  to  T2, 
the  steam  remaining  saturated  or  at  constant  steam  weight  during 
expansion.  This  result  might  be  produced  by  jacketing. 


U  =  1487  log,       -  0-7(T,  - 


~ 


Area  A. 


Area  P.. 


FIG.  41. 


(Fig.  41)  where  V  =  volume  of  1  Ib.  of  saturated  steam  at  pressure 
p2.  If  the  steam  expands  down  to  p2  and  exhausts  at  p,,  then  the  last 
fraction  disappears  from  the  equation. 

5.  The  same  results,  as  already  given, 
may  be  stated  in  a  somewhat  different 
form  ;  thus,  the  work  done  during  adia- 
batic  expansion  per  pound  of  steam  is 
done  at  the  expense  of  the  internal 
energy  of  the  steam,  and  the  expres- 
sions for  the  internal  energy  are  as 
follows  :  — 

At  beginning  of  expansion  =  h{  -f-  x^pL 
at  end  of  expansion  =  h.2  +  x.,pz 
hence  work  done  during  expansion  is  equal  to  the  difference  of  these 

two  quantities  =  J(AX  —  h2  -f  x^  —  xzp.2~)  foot-lbs. 
where  J  =  778. 

Then,  to  find  the  net  work  U  done  per  pound  of  steam  during 
admission  and  adiabatic  expansion  down  to  back-pressure  line,  and 
exhausting  against  back  pressure  where  a^  =  1  — 

work  done  during  admission  =  pj\  ; 
work  done  during  expansion  =  J(pA  —  x.,p.,  -f-  ^i  —  ^) 
work  done  during  exhaust  =  pa.>v.2 

U  =  J(Pl  -f  jp^  -  x_p.2  -  jp^v,  -t-hi-hs)    .     .     (1) 


NOTE.  —  pl  -\-  -plv1  =  Ln  where  pl  =  internal  latent  heat,  ^i»i  =  ex- 

ternal work  in  heat-units,  and  Lx  =  latent  heat  per  pound  of  steam 
at  pressure  p^  ;  then  — 

U  =  J(L,  -  a?aL2  +  &i  -  /O  foot-lbs  ......     (2) 
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But  by  equation,  p.  45  — 


Substituting  in  equation  (2),  and  expressing  in  heat-units — 

U  =  L^"^2  -  T2  loge  »> ;  +  h,  -  h,    ...     (3) 

Flow  of  Steam.— When  steam  flows  from  a  vessel  A  (Fig.  42)  under 
pressure  p1   into   vessel   B    against   back  pressure  p»  then  the  total 

internal    energy   of   the    steam   at 
before     expansion  =  A:  -f 


A  B  B<-  ?2    after  expansion  adiabatically  to  some 

1  less  pressure  p.2,   the  internal  energy 

FIG.  42.  =  h.2  -f  x.,p.,.      The    work    done   upon 

the  steam  in  AB  =  x1'P1'Vl,  where  Vx 

=  volume  per  pound  at  Pr      The  work  done   by  the   steam  in  AB 
against  P2  =  #2P2V2,  where  V2  =  volume  per  pound  at  p.z. 

If  Vi  =  velocity  of  the  steam  at  beginning  of  expansion,  and  v.,  = 

velocity  at  end  of  expansion,  then  — '-~ -1-  =  the   gain   of  kinetic 

energy    of    the    steam  •    and    energy    supplied  =  energy    remaining 
4-  energy  expended  ;  therefore — 

v  2  v  2 

J(*i  +  Xith)  -f  a'lPiVi  +  -9--  =  J(/i,  +  X&)  +  <P2V2  +  9™ 
4^  -^ 

If  the  initial  velocity  t?,  is  zero,  then  the  final  velocity  is  obtained 
from  the  following  equation  : — 

2g 

Thermal  Efficiency. — Steam-engine  efficiency  may  be  expressed  in 
various  ways  ; l  thus — 

1.  The   proportion  of    the  total   heat  supplied  which  is  converted 
into  useful  work  is  called  the  absolute  thermal  efficiency. 

2.  The  ratio  between  the  heat  converted  into  work  in  the  actual 
engine,   and   that  which    an   ideal  engine  would  convert    into  work 
when  working  between  the  same  limits  of  temperature,  is  called  the 
standard  thermal  efficiency. 

The  standard  thermal  efficiency  will  evidently  depend  upon  the 
particular  kind  of  ideal  engine  cycle  chosen  with  which  to  compare 
the  actual  engine,  and  this  is  a  matter  about  which  there  is  much 
variety  of  opinion. 

The  efficiency  of  the  Carnot  cycle  ideal  engine  will  be  made  clear 
for  the  case  of  steam  by  referring  to  Fig.  43.  Considering  the 
case  of  1  Ib.  of  water  raised  to  the  maximum  temperature  Tl  and 

1  See  paper  by  Captain  H.  Biall  Sankey,  Proc.  Inst.  C.E.,  vol.  cxxv.  p.  182. 
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\K 


converted  into  steam  at  that  temperature.  During  evaporation  the 
steam  is  supplied  throughout  at  the  constant  temperature  T15  repre- 
sented by  the  movement  of  the  vertical  line  through  p  towards  the 
right  of  the  figure  till  p  coincides  with  &,  and  corresponding  with 

admission  line  ab  in  Fig.  44.  Areas 
C  -f  D  represent  the  heat- units  added  = 
the  latent  heat  of  evaporation  at  Tx. 
The  steam  is  then  expanded  adiabatically 
down  to  the  lower  limit  of  temperature 
T3  represented  by  the  line  km  (Fig.  43), 
and  be  (Fig.  44).  During  the  return 
stroke  of  the  piston,  suppose  that  the 
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FIG.  43. 


FIG.  44. 


steam  is  now  condensed  within  the  cylinder  itself  by  cooling,  so  that, 
when  the  piston  has  returned  along  the  line  cd  to  d,  the  volume 
has  been  reduced  to  rs  -f-  rn  of  the  volume  of  1  Ib.  of  steam  at  T_, ; 
then  the  heat  abstracted  by  cooling  is  equal  to  area  D. 

The  last  step  is  now  to  compress,  if  possible,  the  mixture  of  steam 
and  water  enclosed  as  represented  by  da  (Fig.  44),  and  along  the 
adiabatic  line  sp  (Fig.  43),  so  that  it  may  become  1  Ib.  of  water  raised 
from  temperature  T2  to  T1  by  the  work  of  compression;  the  heat 
supplied  by  the  compression  being  equal 
to  the  areas  A  -f-  B.  Then  the  heat  sup-  _  /P 

plied  during  the  cycle  =  areas  C  -f-  D  ;  the 
heat  rejected  =  area  D  ;  the  heat  con- 
verted into  work  by  a  perfect  engine 
working  according  to  this  cycle  =  C. 
Therefore  the  efficiency  of  the  Carnot  cycle  'v  T  D  S  TR  71 

/~i  rri  nn 

=  cTD=  "irT 

It  will  be  noticed,  however,  that  in  the 
steam-engine  the  portion  of  the  cycle  re- 
presented by  the  fourth  step,  namely, 
adiabatic  compression,  is  very  imperfectly 
performed,  because  in  the  actual  engine 
only  the  steam  retained  in  the  cylinder  pIG  45 

at  beginning  of   compression,   namely,   rs 

-4-  rn  of  1  Ib.,  is  actually  compressed  ;  the  remainder,  having  been 
exhausted  and  condensed  at  temperature  T2,  must  be  heated  to  Tj  by 
addition  of  heat  from  the  boiler.  The  efficiency  of  such  an  arrange- 
ment is  shown  by  Fig.  45. 
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If  the  ideal  engine  expels  the  proportion  sn  -j-  rn  of  its  steam  (by 
weight),  heat  has  to  be  supplied  to  the  boiler  to  raise  the  temperature 
of  this  portion  of  condensed  steam  from  T2  to  T1?  and  this  heat  is 

represented  by  the  areas  E  -j-  F,  where  st  =  —  x  sr.     The  absolute 

rn 

efficiency  of    such  a   steam-engine    working    with    compression   of    a 
portion  only  of  the  steam  supplied 

C  +  E 


C  +  E-f- F  +  D 

which  is  less  than  that  of  the   Carnot  cycle,  though  greater  than  if 
there  had  been  no  compression. 

The  arrangement   of    heating  the  feed-water  by  doing  work  upon 
it  is  known  as  the  "  dynamic  feed- water  heater." 

The  Clausius  Cycle  l  is  described  in  four  stages  as  follows  :— 

1.  Feed- water  raised   from  temperature  of  exhaust  to  temperature 
of  admission  steam. 

2.  Evaporation  at  constant  admission  temperature. 

3.  Adiabatic  expansion  down  to  back  pressure. 

4.  Rejection  at  the   constant  temperature  corresponding  with  the 
back  pressure. 

These  stages    are   represented   in   Fig.   46,   thus :     T2   is  the   tem- 
perature of  the  feed- water  and  of  the  exhaust  steam ;  area  A  +  B  is 

the  heat  added  to  the  feed-water  to  raise 
it  to  steam -admission  temperature,  T,. 
During  evaporation  in  the  boiler,  C  -f  I) 
is  the  latent  heat  added  per  pound.  The 
expansion  being  adiabatic,  and  being  con- 
tinued to  the  back-pressure  line,  the 
corner  m  in  Fig.  46  is  sharp,  and  coincides 
with  c  (Fig.  47).  Compare  with  Fig.  49, 

I 


A 


m 


FIG.  46. 


FIG.  47. 


where  the  expansion  is  not  carried  down  to  back  pressure.  The 
last  stage  is  to  condense  this  steam  at  constant  temperature  T2  by 
abstraction  of  heat  D  -f-  A  during  the  return  stroke  of  the  piston, 
till  the  1  Ib.  of  water  is  returned  at  the  original  feed-temperature,  T2. 

The  heat  converted  into  work  by  a  perfect  engine  working  under 
these  conditions  is  represented  by  the  area  C  -f-  B ;  and  for  the 
Clausius  cycle  — 

1  This  cycle  has  now  been  adopted  bv  the  Inst.  C  E.  as  the  standard  of  com- 
parison for  steam-engines,  and  is  called  by  them  the  "Kankine  cycle,"  it  having 
been  published  simultaneously  and  independently  by  these  two  investigators. 
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B  4-  0 
Absolute  thermal  efficiency  =  T,  ]    r  Q~_T  T> 


C 


This  cycle  is  evidently  less  efficient  than  the  Carnot  cycle,  n  i     > 

The  Rankine  dry  steam  cycle  differs  from  the  Clausius  cycle— 

(1)  By  addition  of  heat  to  the  cylinder  to  maintain  the  steam  dry 
throughout  the  period  of  expansion  ; 

(2)  By  not  carrying  the  expansion  so  far  as  to  the  back  pressure, 
but  ceasing  the  expansion  at  some  pressure  jp2  higher  than  the  back 
pressure  pz. 

These  effects  are  illustrated    in  Fig.    48,   where  during   expansion 
heat   has  been  added,  making  Kw  the  expansion  line  instead  of  Km, 

the  additional  heat  from  a  jacket  or  other 
source  being  represented  by  the  area 
Jikng.  This  added  heat  has  been  sufficient 
to  render  the  steam  dry  during  expansion, 
and  to  cause  the  expansion  line  to  coin- 
cide with  the  saturated-steam  line ;  but 
it  will  be  seen  that  the  efficiency  of  this 
heat  is  very  low,  being  mkn  -f-  hkng. 


FIG.  48. 


FIG.  49. 


The  effect  of  incomplete  expansion  is  seen  by  the  area  lost  between 
the  shaded  area  and  the  back-pressure  temperature  line  through  T,, 
shown  dotted. 

Weight  of  Steam  required  per  Hour  per  I.H.P.  by  the  Ideal  Engine. 
—  The  number  of  foot-pounds  of  work  performed  per  hour  per  horse- 
power =  33,000  X  60  =  1,980,000  ;  or  in  heat-units,  1,980,000  4-  778 
=  2545.  Then,  if  U  =  the  number  of  units  of  heat  converted  into 
work  per  pound  of  steam,  and  S  =  the  pounds  of  steam  required  per 
horse-power  per  hour— 


from  which  the  weight  of  steam  per  I.H.P.  per  hour  for  the  ideal 
engine  can  be  calculated. 

In  practice,  owing  to  various  losses,  some  weight  of  steam,  W, 
greater  than  S  is  always  required.  Then  efficiency  of  the  engine 
=  E  =  8  4-  W. 


CHAPTEE  IV. 

THE  SLIDE-VALVE. 

THE  slide-valve,  as  its  name  implies,  is  a  valve  which  slides  to  and 
fro,  opening  and  closing  ports  or  passages  for  the  flow  of  steam  to  or 
from  the  cylinder. 

The  functions  to  be  performed  by  the  valve  include  (1)  admission 
of  the  steam  to  the  cylinder  to  give  an  impulse  to  the  piston  ;  (2) 
to  cut  off  the  supply  of  steam  when  the  piston  has  travelled  a  certain 
portion  of  the  stroke ;  (3)  to  open  a  passage  just  before  the  com- 
pletion of  the  stroke,  for 
the  escape  or  exhaust  of 
the  steam  from  the  cylinder  ; 
(4)  to  close  the  exhaust 
passage  before  the  piston 
reaches  the  end  of  the  re- 
turn stroke,  to  secure  a  cer- 
tain amount  of  "cushion- 
ing." 

Lap  of  a  Valve.  — The 
amount  by  which  the  valve 
overlaps  the  outside  edge  of 

FIG.  50.  the  port  when  the  valve  is 

in  the  middle  of  its  stroke, 

is  called  the  outside  lap  (see  parts  o,  o,  Fig.  50).  Similarly,  the 
amount  by  which  the  valve  overlaps  the  inside  edge  of  the  port 
when  the  valve  is  in  the  middle  of  its  stroke,  is  called  the  inside 
lap  (see  f,  i,  Fig.  50). 

Lead  of  the  Valve. — "  Lead  "  is  the  amount  by  which  the  valve 
uncovers  the  port  when  the  piston  is  at  the  beginning  of  its  stroke 
(see  Fig.  52).  The  lead  to  exhaust  is  always  greater  than  the  lead 
to  steam  admission  (Fig.  52). 

The  way  in  which  these  various  functions  are  fulfilled  for  both 
the  forward  and  backward  strokes  of  a  double-acting  engine  may  be 
seen  from  the  Figs.  51-54. 

Fig.  51  shows  the  valve  in  its  middle  position  and  closing  both 
ports,  in  which  position  the  amount  of  lap,  or  overlap,  of  the  valve 
may  be  measured. 

Fig.  52  shows  the  piston  at  the  end  of  the  stroke,   and  the  valve 
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just   opening   the    steam-port   to    admission  of    steain.       This    port 
opening  is  the  lead. 

Fig.   53   shows  the  slide-valve  at  the  end  of  its  stroke.       It  does 

not   necessarily    open    the    steam-port    fully  for    admission,    but    it 


FIG.  51. 


FIG.  52. 


FIG.  53. 


FIG.  54. 


always  opens  fully  to  exhaust  when  the  valve  is  at  the  end  of  its 
travel. 

Fig.  54.  Here  the  piston  is  at  the  other  end  of  its  stroke,  and  tho 
valve  has  opened  the  opposite  port  by  an  amount  equal  to  the  lead. 

Double-ported   Slide-valve. — For  large   cylinders,  such  as  the  low- 
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pressure  cylinder  of  compound  engines,  the  travel  of  the  valve  in 
order  to  open  the  port  -  to  supply  sufficient  steam  would  be  incon- 
veniently great.  To  reduce  the  travel,  and  thereby  also  to  reduce 
the  work  to  be  done  by  the  eccentric  in  moving  the  valve,  the  double- 
ported  slide-valve  is  used,  as  shown  in  Fig.  55. 

The  steam-passage  P  of  the  cylinder  terminates  in  two  ports 
instead  of  one,  and  the  steam-ports  are  each  made  one-half  the  width 
which  would  be  necessary  for  a  single  port,  and  the  travel  of  the 
double-ported  valve  is  therefore  only  half  that  of  the  common  valve 
for  the  same  total  area  of  port-opening. 

The  valve  is  so  constructed  that,  when  in  the  middle  of  its  stroke, 
each  of  the  four  steam-ports  is  covered  by  an  equal  inside  and 
outside  lap,  though  some  modification  of  this  is  made  in  short-stroke 
engines. 

The  steam-admission  and  exhaust  arrangements  are  equivalent  to 
that  of  two  separate  simple  slide-valves.  The  steam  is  supplied  to 


FIG.  55. 

the  inner  admission  edges  of  the  valve  by  passage  S,  S,  cast  in 
the  sides  of  the  valve,  passing  through  from  side  to  side,  and 
communicating  with  the  cylinder  when  the  valve  uncovers  the 
ports. 

In  large  engines  with  a  single  flat  valve  the  total  pressure  of  the 
steam  on  the  back  of  the  valve  would  be  so  excessive,  unless  reduced 
by  some  means,  that  the  load  thrown  on  the  eccentrics  and  working 
parts. of  the  valve  gear  owing  to  the  friction  between  the  valve  and 
cylinder  faces  would  be  a  serious  drawback  to  the  efficiency  of  the 
engine. 

To  reduce  this  effect,  an  equilibrium  ring,  E,  is  fitted  to  the  back  of 
the  valve,  as  shown  in  the  figure.  The  ring  is  fitted  in  a  circular 
groove,  and  fits  steam-tight  against  a  circular  planed  surface  on  the 
back  of  the  valve.  It  is  set  up  to  its  work  against  the  valve  by  set 
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screws  passing  through  the  cover,  which  act  against  a  spring,  and 
can  be  adjusted  from  the  outside. 

The  internal  space  between  the  ring  and  the  cover  is  connected 
with  the  exhaust  pipe  or  condenser,  and  hence  a  considerable  portion 
of  the  total  pressure  on  the  valve  is  removed. 

A  similar  arrangement  of  equilibrium  ring  at  the  back  of  the  valve 
as  used  in  some  locomotives  is  shown  in  Fig.  56. 


FIG.  56. 

The  Piston  Slide-valve  is  a  form  of  slide-valve  which  is  used  for 
high-pressure  steam,  to  avoid  the  loss  due  to  the  friction  of  the 
ordinary  flat  valve.  The  piston-valve  as  in  perfect  equilibrium  as 


FIG.  57. 


regards  the   steam  pressure,  and  is  much  used  for  the  high-pressure 
cylinder  of  triple -expansion  engines. 
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It  is  not  used  for  the  lower-pressure  cylinders,  because  the  dimen- 
sions of  the  valve  to  give  the  required  port-opening  is  large  relatively 
to  the  dimensions  of  the  cylinder  itself. 

The  chief  disadvantages  with  this  type  of  valve  are  (1)  the  loss 
due  to  leakage  of  steam  past  the  circumference  of  the  valve  into 
the  exhaust  passage  ;  and  (2)  the  large  clearance  space,  owing  to  the 
volume  of  the  steam-passages  being  necessarily  great  with  the 
piston-valve. 

The  example  given  in  Fig.  57  shows  the  valve  removed  from  the 
valve  chamber.  The  valve  itself,  PV,  consists  of  a  double  piston, 
the  width  of  the  pistons  being  the  same  as  the  width  of  face  in  an 
ordinary  flat  slide-valve,  and  being  sufficient  to  cover  the  port  when 
in  mid-position,  and  to  provide  the  necessary  lap. 

The  valve  works  in  two  short  bushes  or  barrels,  B,  in  which 
passages,  SP,  are  made  all  round  the  bush,  which  form  the  steam-port 
for  admission  and  exhaust  of  steam  to  and  from  the  cylinder  according 
to  the  position  of  the  valve.  The  steam-port,  being  in  the  form  of  a 


FIG.  58. 

series  of  openings  separated  by  bars  instead  of  a  continuous  circular 
port,  enables  the  spring  rings,  with  which  the  larger  types  of  piston- 
valves  are  fitted,  to  work  to  and  fro  over  the  port  without  catching 
on  the  edge.  The  steam  enters  as  shown  ;  it  passes  to  either  end  of 
the  piston-valve,  and,  the  valve  being  hollow,  the  admission  steam  can 
pass  right  through  it  from  end  to  end.  The  exhaust  escapes  by  the 
internal  edges  of  the  valve,  and  passes  away  by  the  chamber  sur- 
rounding the  body  of  the  valve,  the  reduced  diameter  of  this  part 
corresponding  to  the  exhaust  chamber  of  the  simple  slide-valve. 

Sometimes   this  arrangement  of   the  steam  is  reversed,  the  steam 
being  admitted  at  the  inner  edges  of  the  pistons  from  the  chamber 


around  the  middle  of  the  valve,  and  exhausted  from  the  outer  ends 
and  through  the  interior  of  the  valve.  The  latter  arrangement  is 
adopted  in  some  cases  with  superheated  steam. 

The  Eccentric,  Fig.  58,  is  a  disc  fixed  on  the  crank-shaft  in  such 
a  way  that  the  centre  of  the  disc  is  eccentric,  or  "out  of  centre,"  with 
the  centre  of  the  shaft.  Fig.  59  shows  that  the  motion  trans- 
mitted by  an  eccentric  with  an  eccentricity  CE  is  equivalent  to  that 
obtained  from  a  small  crank  where  radius  is  r  =  CE.  The  disc  is 


FIG.  59. 

termed  the  sheave  of  the  eccentric,  and  is  made  in  halves,  the  halves 
being  secured  by  bolts  and  split  cotters  as  shown.  The  band  sur- 
roundingl  the  sheave  is  called  the  strap.  The  sheave  rotates  inside  the 
strap  in. the  same  way  as  the  crank-pin  rotates  in  the  connecting- 
rod  head.  The  eccentric  rod  is  attached  to  the  strap,  and  the 
slide-valve  receives  a,  reciprocating  motion  from  it,  similar  to 
that  received  by  the  piston  from  the  crank-pin,  but  on  a  reduced 
scale. 

The  angle  of  advance  of  the  eccentric  is  the  angle  in  excess  of  90° 
which  the  centre  line  of  the  eccentric  is  in  advance  of  the  centre  line 
of  the  crank. 


c» 


FIG.  60. 


FIG.  61. 


Thus,  in  Fig.  60,  OC  is  the  crank-arm,  and  OE  the  line  passing 
through  the  centre  E  of  the  eccentric. 
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Then  the  angle  AOE  =  0  =  the  angle  of  advance 

To  find  the  angle  of  advance  of  the  eccentric,  having  given  the 
travel  and  the  lap  and  lead  of  the  valve  :  With  radius  OE  (Fig.  61)  = 
radius  of  eccentric,  or  half  travel  of  valve,  describe  a  circle  about  O. 
Produce  the  centre  line  CO  of  the  crank  through  0.  Set  off  Oa  = 
the  lap  of  the  valve,  and  ab  =  the  lead,  and  from  b  raise  a  perpen- 
dicular to  cut  the  circle  in  E'.  Join  OE'.  Then  EOE'  is  the  angle 
of  advance  of  the  eccentric. 
Let  o  =  outside  lap ; 

i  =  inside  lap  ; 

Zx  =  outside  lead ; 

12  =  inside  lead,  or  lead  to  exhaust ; 

p  =  radius  of  eccentric  ; 

9  =  angular  advance ; 

a  =  any  angle  passed  through  by  crank  ; 

D  =  valve  displacement  from  mid-position  ; 
o  4.  J,  =  i  +  L 

-ni          -cv       ot       .    *  lap  4- lead  o  -j-  I,      i  -f  1.2 

From   Fjg.    61    sin  6  =      ,.     *-* —        T-T-  =  -     -  —  -    -;   /,  = 
radius  of  eccentric          p  p 

p  sin  0  —  o  ;  12  =  p  sin  9  —  i. 

Valve  Displacement  for  Given  Angular  Travel   of  Crank.— Let 

crank  C  (Fig.  62)  travel  through 
angle  a  from  its  dead  centre ;  then 
the  valve  displacement — 

Ob  =  OE'  cos  E'06  =  p  sin  (a  -f  6) 

Opening;  of  port  )  .    / 

— •       *.  >  =  p  sin  (a  4-  6 )  —  o 

to  steam  j 

To  find  the  Position  of  the  Piston 
for  any  Position  of  the  Crank.—!. 
When  the   length  of  the  connecting- 
rod  is  very  great  compared  with  the  length  of  the  crank-arm. 

Then,  if  ab  (Fig.  63)  represent  stroke  of  piston,  and  r  =  radius  of 
crankt  a  perpendicular  let  fall  on  ab  from  crank  position  c  gives  a 
point  m  as  the  corresponding  position  of  the  piston. 

Om  =  r  cos  0      ........     (1) 

am  =  r(l  -  cos  0) (2) 

But  if  the  connecting-rod  be  comparatively  short  compared  with  r, 
as  is  the  case  in  practice,  then,  in  Fig.  64,  let  ab  be  the  path  of  the 
piston  to  any  scale,  and  aCb  the  crank-pin  circle. 

With  radius  equal  to  the  length  of  the  connecting-rod,  and  from 
a  centre  on  ba  produced  towards  a,  draw  an  arc,  st,  touching  the 
centre  o.  This  may  be  termed  the  mid-travel  arc  ]  and  the  displace- 
ment of  the  piston  from  mid-stroke  for  any  position,  C,  of  the  crank  - 
piii  =  Cy  drawn  parallel  to  the  line  of  stroke,  ab.  Take  also  some 
Other  position  of  the  crank,  C'.  Then  the  displacement  of  the  piston 


from  its  mid-position  =  C'v. 

connecting-rod 

from  centre  on  ba 

produced,  also  give 

the  piston  displace- 

iirante  Of  and  0,j 

=    Cv   and  C  v  re- 

spectively.     The 

distance     vn    mea- 

sures the  deviation 

of    the    piston   for 

positions  C  or  C'  of 

the    crank   due    to 

the  obliquity  of  the 

connecting-rod. 

Zeuner  Valve 
Diagram.  —  This 
diagram  was  first 
proposed  by  Dr. 
Zeuner  of  Dresden, 
and,  owing  to  its 
great  convenience 
and  simplicity,  is  very  much  used. 
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Arcs  C/  and  C'g,  drawn  with  radius  of 


FIG.  63. 


FIG.  64. 


It  will  be  best  understood  by  reference  to  the  following  figures ;— 
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FIG.  65. 


In  Fig.   65,  let  ab  be  the  travel  of  the  slide-valve,  Oa  the  crank 
position,   and    OE  the  position  of  the  centre   line  of   the   eccentric, 

having  angular  ad- 
vance 0.  Then  a  per- 
pendicular, EC,  on  ab 
gives  Oc,  the  distance 
of  the  valve  from  its 
mid -position.  If  the 
crank-shaft  move  round 
on  its  centre  so  that  a 
passes  to  a^  and  E  to 
Ej,  and  Oc'  is  the  dis- 
tance of  the  valve  from 
its  mid  -  position  for 
eccentric  position  OEj. 
Instead  of  the  crank 
Oa  and  eccentric  OE 
moving  round  the  cir- 
cular path,  the  result 
will  be  the  same  if  the 
line  Ob  be  supposed  to 
move  in  the  reverse 
direction  as  at  bly  62, 
etc.  (Fig.  66),  and  per- 
pendiculars Ec1?  Ec.2  be 
drawn  as  shown.  Then 
all  the  angles  OcaE, 
Oc.2E,  etc.,  are  right 
angles,  and  therefore  a 
circle  drawn  upon  OE 
as  diameter  will  pass 
through  the  points  C15 
C2,  etc.  (Fig.  67),  and 
the  portion  Oq,  Oc2, 
etc.,  of  the  lines  inter- 
cepted by  this  fixed 
circle  gives  the  dis- 
tance of  the  valve  from 
its  central  position  for 
any  position  5,  bit  b2, 
etc.,  of  the  crank. 

The  Zeuner  diagram 
is  here  given  with  the 
particulars    usually   re- 
quired marked  thereon. 
The      connection      be- 
tween the  valve  diagram   and  the  indicator  diagram  is  also  shown. 
In  Fig.  68,  the  circle  Rj,  R3,  etc.,  is  drawn  with  radius  OR1}  equal  to 
half  the  travel  of  the  valve.     The  outside  "lap  circle  "  is  drawn  with 
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radius  OV  =  the  outside  lap.  Distance  VP  is  set  off  =  the  lead,  and 
the  perpendicular  PP2  is  raised  to  cut  the  travel  circle  in  P2.  Then 
P2OR3  is  the  angular  advance 
of  the  eccentric,  position  of 
crank  being  at  OA.  On  P,OR7 
draw  the  primary  and  second- 
ary valve  circles  on  the  di^ 
ameters  OP2  and  OR;  respec- 
tively, as  shown.  From  centre 
O,  with  radius  OW  =  the  in- 
side lap,  draw  the  inside  lap 
circle. 

Then  the  real  position  of 
the  crank  is  OA  for  position 
OP2  of  the  eccentric,  and  for 
rotation  in  a  clockwise  direc- 
tion. If  these  positions  re- 
main fixed  while  the  radius 
ORj  rotates  in  the  opposite 
direction,  the  result  will  be  FlG-  G7< 

the   same   as   though   OA  and 
OP2  rotated  in  the  true  direction,  as  already  explained  (Fig.  66). 

Then,  if  ORX  be  assumed  to  be  the  position  of  the  crank  at  the 
commencement  of  the  stroke,  the  length  OP,  the  part  of  ORX  intercepted 
by  the  primary  valve  circle,  is  the  distance  which  the  valve  has  moved 
from  its  mid-position  ;  and  this  includes  OV,  the  lap,  and  VP,  the  port 
opening,  shown  shaded,  and  which  is,  in  fact,  the  lead  of  the  valve, 
The  opening  of  the  other  port  to  exhaust  at  the  same  instant  is  given 
by  the  length  DW3. 

If  a  radius  be  drawn  through  B,  the  intersection  of  the  valve  circle 
with  the  outside  lap  circle,  OR  is  the  position  of  the  crank  when 
admission  of  steam  begins — namely,  just  before  the  crank  reaches  its 
dead  centre,  RA.  Continuing  the  rotation  of  the  crank,  on  reaching 
the  dead  centre  the  port  is  open  by  an  amount  VP  equal  to  the  lead, 
as  already  stated.  The  valve  now  continues  to  open  the  port  wider, 
until  at  the  position  OP2  of  the  crank  the  valve  is  at  its  maximum 
distance  from  its  mid-position.  The  valve  now  commences  to  return 
towards  its  mid-position,  and  the  port  is  gradually  becoming  more  and 
more  throttled  till  the  crank  reaches  OR4,  where  the  outside  lap  circle 
intersects  the  valve  circle.  The  port  is  then  closed,  and  cut-off  has 
taken  place,  the  expansion  of  the  steam  in  the  cylinder  commencing 
from  this  point.  Expansion  continues  till  the  crank  reaches  OR(!, 
where  the  inside  lap  circle  cuts  the  secondary  valve  circle  when  the  port 
opens  to  exhaust.  R^  drawn  at  right  angles  to  OP,,  or  tangent  to  the 
valve  circles,  is  the  position  of  the  crank  when  the  valve  is  in  mid- 
position. 

If  the  valve  had  no  inside  lap,  then  R5  would  be  the  position  of  the 
crank  when  the  exhaust  port  opens,  and  R5  continued  across  the 
diagram  would  give  the  position  of  the  crank  at  exhaust  closure ;  but 
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when  the  valve  has  inside  lap,  a  circle  is  drawn  from  centre  O  with 
radius  equal  to  the  inside  lap,  cutting  the  secondary  valve  circle. 
Then  crank  positions  obtained  by  drawing  lines  from  centre  O 
through  the  intersections  of  the  inside  lap  circle  and  the  secondary 
valve  circle  give  the  positions  of  the  crank  at  exhaust  opening  and 


FIG.  68. 


closing  respectively.  At  M  the  port  is  fully  open  to  exhaust ;  at 
R7  the  valve  has  moved  a  distance  QR7  past  the  edge  of  the  port,  thus 
leaving  the  port  wide  open  to  exhaust  till  the  crank  reaches  ON,  when 
the  port  begins  to  close  till  R8  is  reached,  when  compression  of  the 
steam  remaining  in  the  cylinder  takes  place,  till  the  port  opens  again 
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for  re-admission  of  steam.  The  arc  through  Q  is  drawn  so  that  WQ 
=  width  of  port. 

Reuleaux  or  Reech  Diagram. — The  following  diagram  is  known  as 
Reuleaux's  diagram  in  Germany,  and  Reech's  in  France. 

Referring  to  Fig.  60,  if  the  eccentric  radius  be  turned  back  through 
an  angle  6,  then  the  valve  would  be  in  mid-position,  and  the  crank  would 
be  at  an  angle  0  behind  its  dead  centre.  In  Fig.  69,  let  the  same  circle 
represent  the  path  both  of  the  crank-pin  and  of  the  eccentric  centre, 
each  to  different  scales.  Through  the  centre  of  the  circle  draw  DI)15 


FIG.  69. 


making  an  angle  6  ==  the  angular  advance  of  the  eccentric.  Then, 
as  explained  above,  D  is  the  position  of  the  crank  when  the  valve  is 
in  mid-position,  and  DDT  is  called  the  mid-position  line.  For  any 
position  C  or  C'  of  the  crank,  the  displacement  of  the  valve  from  its 
mid-position  =  Cm  or  C'k  drawn  perpendicular  to  DDj.  Draw  SSj 
parallel  to  DD',  and  at  a  distance  from  it  =  outside  lap  =  o,  and  draw 
EEa  parallel  to  DDj,  and  at  a  distance  from  it  =  inside  lap  =  t. 

Then  for  crank  position  C,  the  length  Cn  =  the  port  opening  to 
steam  when  the  valve  has  travelled  a  distance  Cm  from  the  centre. 
For  crank  position  C'  the  exhaust  port  is  open,  C'k  —  «',  and  the  valve 
has  traA^elled  a  distance  C'k  from  its  mid-position. 

The  diagram  refers  to  one  side  of  the  piston  only,  and  neglects  the 
obliquity  of  the  eccentric  rod  and  connecting  rod, 
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The  lines  drawn  at  a  distance  P  from  the  lap  lines  represent  the 
width  of  the  steam  port,  showing  on  the  steam  side  the  port  is  not 
fully  opened,  while  on  the  exhaust  side,  in  this  case,  the  valve  travels 
beyond  the  edge  of  the  port. 

When  the  crank  turns  clockwise,  S  is  the  admission  point,  Sj  = 
the  point  of  cut-off,  Ex  =  opening  of  exhaust  port ;  E  =  compression. 
The  perpendicular  let  fall  from  A  on  SSt  =  the  steam  lead,  and  the 
perpendicular  let  fall  from  Ax  on  EEX  =  the  exhaust  lead. 

This  diagram  teaches  most  clearly  a  number  of  facts  of  importance 
in  practice.  For  example,  suppose,  on  a  given  engine,  the  lap  of  the 
valve  was  decreased  by  removing  a  portion  from  the  outside  edges  of 
the  valve  ;  then  the  effect  would  evidently  be  to  cut  off  later  in  the 
stroke,  which  would  no  doubt  be  the  object  of  reducing  the  lap, 
but  it  would  also  increase  the  lead,  which  would  probably  be  an 
objectionable  feature,  and  this  could  only  be  prevented  by  altering 
the  angular  advance  of  the  eccentric,  in  other  words,  by  making  the 
angle  §  less,  until  the  lead  was  the  amount  required.  The  effect  of 
this  on  S|,  Ej,  and  E  would  be  to  make  them  all  later. 

Again,  it  might  be  desired  to  increase  the  lead  of  the  valve,  altering 
nothing  except  increasing  the  angle  of  advance  0  of  the  eccentric. 
The  effect  of  this,  it  would  be  at  once  seen,  would  be  to  make  all  the 
operations  of  the  valve  at  S1}  Ex,  and  E  earlier. 

PROBLEM.— Given  travel,  cut-off,  and  lead,  to  find  the  lap  and  the 
angular  advance  of  the  eccentric. 

Draw  circle  from  O  with 
radius  00  =  half  travel  (Fig. 
70),  and  draw  the  lead  circle 
at  A  with  radius  =  lead.  Draw 
a  line  from  point  of  cut-off  0 
tangent  to  lead  circle.  Then 
a  circle  drawn  from  centre  O 
touching  this  line  is  the  lap 
circle,  its  radius  being  equal 
to  the  lap  required.  A  line, 
DD',  drawn  through  the  centre 
0  parallel  to  the  lap  line,  makes 
an  angle  0  with  AAT  equal  to 
the  angular  advance  required. 

Effect  of  Obliquity  of  Con- 
necting-rod.— Taking  the  case 
of  a  vertical  engine,  and  draw- 
ing the  crank  circle  (Fig.  71) 
to  an  enlarged  scale  with  diameter  A  A!  (Fig.  72),  then  the  effect  of 
a  short  connecting-rod  on  the  distribution  of  the  steam  on  the  opposite 
sides  of  the  piston  may  be  seen  by  the  aid  of  the  diagram.  Thus 
(Fig.  72),  DDX  is  the  position  of  the  crank  when  the  eccentric  is  90° 
ahead  of  the  vertical  centre  line,  and  st  is  the  mid-travel  arc  of  the 
piston.  Also  lap-lines  are  drawn  parallel  to  DD1?  and  at  a  distance 
from  it  equal  to  the  outside  lap  o  at  the  top  end  and  o'  at  the  bottom 


FIG.  70. 
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end.     If  o  and  o'  are  equal,  then  it  will  be  seen  that  crank  position  C 
is  the  point  of  cut-off  for  the  top  side  of  the  piston,  and  crank  position 
c'  is  the  point  of  cut-off  for  the  bottom  side.     But  Cm  is  greater  than 
c'n,  or,  in  other  words,  the  piston  is  further  past  mid- 
position  on  the  downstroke  at  C  than  on  the  upstroke 
at  c',  and  therefore  cut-off  takes  place  later  on  the  down- 
stroke  than  on  the  upstroke. 

This  inequality  of  cut-off  may  be  reduced  by  altering 
the  lap  on  the  bottom  side,  making  lap  o'  less  than  the 
top  lap  o.  Then  cut-off  will  take  place  at  c.2  later  than 
before,  but  the  lead  on  the  bottom  will  be  increased 
(see  perpendicular  from  Aj  on  lap  line  through  c2  = 
Aj^,  wrhich  is  greater  than  the  lead  Aa').  In  practice 
it  is  usual  to  have  less  lap  and  more  lead  on  the  bottom 
end  of  the  cylinder  than  at  the  top. 

Valve  Ellipse. — This  is  a  method  which  has  been 
in  use  for  many  years,  especially  among  locomotive 
engineers,  for  representing  the  relative  positions  of  the 
slide-valve  and  piston. 

The  process   is  to  draw  two  lines  at   right   angles  to 
one  another,  the  one  to  represent  the  line  of  direction  of  motion  of 
the  slide-valve,  and  the  other  that  of  the  piston. 


\D 


FIG.  71. 


FIG.  72. 


Thus,  in  Fig.  73,  let  CP  represent  the  stroke  of  the  piston,  and  let 
the  circle  through  C  drawn  with    radius  OC  =  crunk-pin   path.     If 
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this   circle    be   divided  into   any  number   of   equal  parts,  as  shown, 

then,  neglecting  the  ob- 
A 


PISTON        PATH 


liquity  of  the  connect- 
ing-rod, if  a  perpen- 
dicular la  be  let  fall 
on  CP  from  any  posi- 
tion 1  of  the  crank-pin, 
a  is  the  corresponding 
position  of  the  piston. 
From  centre  O  draw  a 
circle  with  radius  OE 
=  radius  of  eccentric. 
If  now  the  direction 
of  motion  of  the  slide- 
valve  be  assumed,  for 
the  purpose  of  the  dia- 
gram, to  be  at  right 
angles  to  that  of  the 
piston,  the  eccentric  po- 
sition OD  must  be  set 
back  90°,  and  therefore 
OD  is  drawn  making 
an  angle  0  with  CO. 


^---EXPANSION-  --->jRELfeA3E 


J 

FIG.  74. 
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Then  for  crank-pin  position  C,  eccentric  position  is  at  D.     Starting 
from  D,  divide  the  eccentric  circle  into  the  same  number  of  equal 
parts,  1',  2',  etc.,  as  on  the  crank-pin  circle.     Draw  horizontals  from 
the  eccentric  positions  to  in- 
tersect    verticals     from     the 
crank  positions,  and  join  the 
intersections.         The      closed 
figure   is    called    the     "valve 
ellipse." 

To  allow  for  obliquity  of 
the  connecting  rod,  instead  of 
dropping  perpendiculars  as  at 
1«,  draw  arcs  through  points 
1,  2,  etc.,  of  the  crank-pin 
path  with  radius  equal  to 
length  of  connecting-rod  from 
a  centre  on  line  PC  produced. 
Similarly,  to  allow  for  the 
obliquity  of  the  eccentric  rod, 
draw  arcs  through  1',  2',  etc., 
on  the  eccentric  path  with 
radius  equal  to  length  of 
eccentric  rod  from  a  centre 
on  line  OE  produced. 

In  Fig.  74,  if  AA  be  set  off 
from  XX  on  one  side  of  it 
equal  to  o,  the  outside  lap ; 
BB  =  i  =  inside  lap,  and  CO 
=  S  =  width  of  steam  port. 
Then,  if  the  valve  ellipse  be 
drawn  as  explained  (Fig.  73), 
the  points  of  admission,  cut- 
off, release,  and  compression 
are  determined  by  the  inter- 
section of  the  valve  ellipse 
with  the  respective  edges  of 
the  port  lines  AA  and  BB. 
Perpendiculars  on  to  the  PIG  75 

centre  line  XX  will  give  the 
piston  positions  at  each  of  these  points  respectively. 

Fig.  75  shows  an  application  of  the  valve  ellipse  to  an  actual  case 
from  practice.  From  the  face  of  the  ports  S,  E,  S,  in  the  sectional 
drawing  at  the  bottom  of  the  figure,  lines  are  drawn  perpendicularly 
to  any  convenient  length  from  each  edge  of  the  respective  ports, 
and  this  length  is  subdivided  to  represent  equal  portions  of  the 
piston-stroke.  A  valve  ellipse  is  then  drawn  from  centre  A  on  the 
half -stroke  line  of  the  piston  for  steam  at  a  distance  =  outside  lap  of 
valve  from  edge  of  port,  and  from  centre  B  for  exhaust  on  the  port  line, 
as  there  is  no  exhaust  lap.  The  centres  A  and  B  are  the  positions 
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of   the  respective   steam   and    exhaust    edges   of   the   valve   in   mid- 
position. 

Several  ellipses  are  usually  drawn  for  different  amounts  of  travel  of 
the  valve  as  the  link  is  notched  up  (see  Fig.  87). 

Two  ellipses  are  drawn  in  this  case,  and,  referring  to  the  larger 
ellipse,  it  shows  for  any  position,  say  0-3  of  the  piston  stroke,  that 
the  steam  port  is  not  only  freely  open  =  ce,  but  the  valve  has  moved 
a  distance  eb  past  the  edge  of  the  port ;  and  on  the  other  side  of  the 
piston  the  exhaust  port  is  not  only  wide  open,  but  the  valve  has  moved 
past  the  edge  a  distance  e'b'.  The  cut-off  points  for  different  amounts 
of  travel  of  the  valve  are  given  at  d,  d ;  the  points  of  release  are  r,  r, 
and  of  compression  Jc,  k. 

Expansion  Valve  Gears. — The  importance  of  working  steam 
expansively  has  been  already  explained,  and  a  certain  amount  of 
expansion  may  be  obtained  with  the  common  slide-valve  by  the 
addition  of  lap,  but  a  cut-off  not  earlier  than  about  0*7  of  the 
stroke  can  be  obtained  in  this  way,  and  this  is  usually  not  sufficient 
for  economical  working.  The  amount  of  additional  lap  necessary  to 
cut  off  at  any  earlier  point  causes  difficulties  of  other  kinds,  and  other 
means  have  therefore  been  employed  to  obtain  an  early  cut  off  of  the 
steam-supply  to  the  cylinder.  Locomotive  and  marine  engineers 
generally  employ  the  link  motion  both  for  reversing  and  for  regulating 
the  degree  of  expansion ;  but  for  stationary  engines,  especially  when 
not  requiring  to  be  reversed,  a  separate  expansion  valve  is  used,  or 
some  form  of  Corliss  or  drop-valve  gear. 

The  Link  Motion. — There  are  various  kinds  of  link  motion,  but  the 
arrangement  known  as  the  Stephensoii  link  motion  is  the  one  almost 
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universally  adopted  in  this  country,  and  it  is  the  type  which  will  here 
be  described. 

The  object  of  the  link  motion  was  originally  to  provide  a  ready 
means  of  reversing  an  engine  ;  but  it  was  found  to  be  also  a  convenient 
means  of  regulating  the  expansion  of  the  steam  in  the  cylinder,  cutting 
off  the  steam  earlier  or  later  in  the  stroke  as  desired. 

As  a  reversing  gear  its  action  is  as  follows — 

It  has  been  shown  that  when  the  crank  is  in  some  position  00 
(Fig,  76),  the  centre  line  of  the  eccentric  is  in  a  direction  OE 
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ahead  of   the  crank,   the  direction  of   rotation   being  shown  by  the 

arrow. 

But  to  reverse  the  engine,  the  eccentric  centre  must  by  some  means 

be  moved  from  E  to  some  position  E'  (Fig.    77),   having  a  suitable 

angle  COE'  ahead  of  the  crank. 
This   is    accomplished    in    the 

link  motion  by  having  two  sepa- 
rate eccentrics,   one  keyed  with 

its  centre  at  E,  and  the  other  at 

E',    the    ends   of    the   respective 

eccentric  rods  being  joined  to- 
gether by  a  link,  as  shown  in 

Fig.  78.     Then   by   means   of  a 

lever    attached   to   the   link,    L, 

either  eccentric,  as  desired,  may 

be    made     to    communicate    its 

motion     to     the     slide-valve    by 

moving  the  link  so  as  to  bring 

one  or  other  of  the  eccentric  rods 

into    line    with    the    slide-valve 

rod. 

The    slide-valve    is   connected 

by  the  valve  rod  to  a  little  block 

which  fits  in  the  slot  of  the  link, 

so  '  that   any  movement    of    the 

link  in  the  direction  of  the  axis 

of  the  valve  rod  affects  the  posi- 
tion of  the  valve. 

When    the    block    is    in    the 

middle  of  the  link,  the  valve  is 

influenced  equally  by  both  eccen- 
trics, with  the  result  that  the 
engine  will  not  run  in  either 

direction.  The  nearer  the  block  is  to  its  mid-position  in  the  slot, 
the  less  is  the  travel  of  the  valve  and  the  earlier  the  steam  is  cut  off 
in  the  cylinder. 

The  Stephenson  Link  Motion,  illustrated  in  Fig.  78,  and  shown 
in  skeleton  in  Fig.  79,  is  made  with  the  link  concave  towards  the 
crank  shaft.  The  centre  line  of  the  link  is  drawn  with  a  radius 
equal  to  the  distance  between  the  centre  of  the  eccentric  measured 
along  the  rod  to  the  centre  line  of  the  link.  When  the  crank  is  on 
the  centre  away  from  the  link,  and  the  rods  are  attached  to  the 
nearest  end  of  the  link,  as  shown  in  Fig.  79,  the  rods  are  said  to 
be  "open."  This  is  the  usual  way  of  connecting  the  eccentric  rods 
to  the  link.  When  the  crank  is  in  the  same  position  as  before,  and 
the  rods  are  connected  to  the  end  of  the  link  on  the  opposite  side 
of  the  main  centre  line, -as  shown  in  Fig.  80,  the  rods  are  said  to 
be  "crossed,"  In  the  latter  case,  the  result  is  not  quite  the  sai IK- 
ES when  th&  rods  are  open.  With  open  rods  the  lead  increases  as  the 
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link   approaches   its  mid-position;    with   crossed   rods  the  reverse  is 
the  case.     This  is  illustrated  more  fully  in  Figs.  86  and  88. 

The  paths  of  the  moving  parts  of  the  link  motion  during  a  revo- 
lution of  the  crank  are  compounded  of  the  movement  due  to  the 
connection  of  the  link  with  the  eccentrics,  and  of  that  due  to  the 
connection  of  the  link  with  the  radius  bar  or  drag  link,  SR  (Fig.  79), 
which  is  free  to  move  at  the  link  end,  but  is  fixed  at  the  reversing 
lever  end,  S.  The  end  of  the  link  connected  to  the  radius  bar  will,  of 
course,  move  in  an  arc  of  a  circle  about  this  fixed  centre. 


FIG.  79. 


FIG.  80. 


"When  the  link  is  pulled  right  over,  so  that  the  eccentric  rod  is 
as  nearly  as  possible  in  line  with  the  valve  rod,  the  link  is  said  to 
be  in  "  full  forward  gear  "  or  in  "full  backward  gear,"  as  the  case  may 
be,  depending  on  which  eccentric  is  thrown  into  gear. 

When  the  throttle-valve  is  closed  the  link  must  be  placed  so 
that  the  block  attached  to  the  slide  valve  rod  is  in  the  middle  of 
the  link. 

To  start  an  engine   with  a  link   motion  having  open  rods  for  a 
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given  direction  of  turning  of  the  crank  shaft,  the  link  must  be 
moved  in  the  same  direction  as  it  would  move  if  it  were  connected 
rigidly  to  the  crank  shaft  and  turned  round  with  it. 

When  the  link  is  in  "mid -gear,"  the  travel  of  the  slide-valve 
on  each  side  of  its  middle  position  is  equal  to  the  lap  of  the  valve  plus 
the  somewhat  increased  lead  which  the  valve  has  in  mid-gear  with 
the  open-arm  link  motion.  The  shorter  the  eccentric  rods  relatively 
to  the  valve-travel,  the  greater  the  increase  in  the  lead  as  the  link 
approaches  mid-gear. 

In  consequence  of  the  somewhat  complex  motion  of  the  link,  there 
is  always  more  or  less  "  slotting  "  or  rubbing  of  the  link  upon  the  block. 
The  nearer  the  block  is  to  the  point  of  suspension  of  the  link,  the 
less  the  slotting  motion.  Hence  the  link  is  usually  suspended  from 
the  end  nearest  the  forward  eccentric  rod,  so  as  to  reduce  the  wear  and 
tear  due  to  the  slotting  motion  to  a  minimum  for  the  most  common 
working  position  of  the  link. 

In  this  case,  in  backward  gear  the  slotting  motion  is  more  or 
less  considerable,  but  this  disadvantage  is  conceded  for  the  sake 
of  the  more  perfect  action  in  forward  gear.  When  equal  efficiency 
of  the  link  is  required  in  both  forward  and  backward  gear,  the  link  is 
suspended  from  the  centre. 

The  position  of  the  centre,  S,  of  the  suspension  rod,  SR,  Fig.  79, 
is  chosen  thus :  Trace  the  path  of  the  point  R  on  the  link  to  which 
the  suspension  rod  is  to  be  attached  when  the  link  is  in  full  forward 
gear,  for  a  complete  revolution  of  the  crank  shaft,  and  without  the 
restraint  of  any  suspension  link.  Again  trace  the  path  of  the  same 
point  when  the  link  is  in  full  backward  gear. 

Now,  with  a  radius  equal  to  the  proposed  length  of  the  suspension 
rod,  draw  an  arc  from  some  centre  which  shall  as  nearly  as  possible 
bisect  the  irregular  curved  figure  for  full  forward  gear.  The  centre 
of  this  arc  is  chosen  for  the  centre  of  the  suspension  rod  in  full 
forward  gear.  Similarly,  with  the  same  radius  as  before,  bisect  the 
irregular  curve  for  full  backward  gear.  The  two  centres  thus  ob- 
tained fix  as  nearly  as  possible  the  path  of  the  end  of  the  reversing 
lever  to  which  the  suspension  rod  is  attached.  Usually  some  com- 
promise is  made  in  favour  of  full  forward  gear. 

Expansion  Regulator  Arm. — In  compound  and  triple-expansion 
engines  with  link  motions  all  connected  with  one  reversing  shaft, 
it  is  often  desirable,  for  the  sake  of  regulating  the  distribution  of 
the  power  between  the  respective  cylinders,  to  adjust  somewhat 
the  position  of  the  link  of  the  low-pressure  cylinder  relatively  to 
that  of  the  high-pressure  cylinder,  and  to  give  it  an  earlier  or  later 
cut-off  as  required.  This  is  sometimes  done  by  the  method  illustrated 
in  Fig.  81,  namely,  by  connecting  the  outer  end  of  the  suspension  rod  S 
to  a  block,  the  position  of  which  is  capable  of  adjustment  by  the  screw 
as  shown.  The  position  of  the  slot  in  the  arm  A  is  so  arranged  that, 
if  the  engines  required  to  be  suddenly  reversed,  the  link  may  be 
thrown  into  full  backward  gear  without  the  necessity  for  any  re- 
adjustment of  this  supplementary  expansion  gear  ;  for  the  position 
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of  the  outer  centre  of  the  suspension  rod  may  be  anywhere  in  the 
slot  of  the  lever  without  its  affecting  to  any  extent  the  action  of  the 
link  in  full  backv/ard  gear,  as  the  centre  line  of  the  slot  is  per- 
pendicular, or  nearly  so,  to  that  of  the  suspension  rod. 


A  =  mid  position. 
B  =  ahead  position. 
C  =  astern  position. 


FIG,  81. 

Valve  Diagrams  for  Link  Motion. — It  will  be  convenient  to  con- 
sider here  the  case  of  a  single  movable  disc,  the  eccentricity  of  which 
can  be  varied,  and  a  variable  cut-off  thus  obtained  with  a  single 
eccentric.  This  arrangement  is  important,  especially  because  of  its 
application  in  connection  with  shaft  governors  as  an  automatic  cut- 
off gear  for  high-speed  engines. 

The  disc  D,  Fig.  82,  is  keyed  to  the  crank  shaft,  and  the  adjustable 
disc  E,  with  centre  P,  is  the  eccentric  disc  to  which  the  eccentric  rod 
and  strap  are  secured.  It  will  be  seen  that  the  disc  E  is  secured  to 
D,  but  that  it  may  be  so  adjusted  that  the  centre  P  may  be  held  in 
any  position  between  P  and  P3.  The  effect  of  this  on  the  distribution 
of  the  steam  is  well  shown  by  the  Zeuner  diagram,  Fig.  83.  Thus 
C  is  the  centre  of  the  shaft,  and  CPjPg  in  Fig.  82  is  drawn  to  an 
enlarged  scale  in  Fig.  83.  Take  positions  P1?  P2,  Pr,  and  draw  circles 
on  the  diameters  CP^  CP2,  CP0 ;  then,  for  position  CPj  in  full  forward 
gear5  cut-off  takes  place  at  C13  drawn  through  the  intersection  of  the 
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lap  circle  with  the  valve  circle  on  CPX,  and  as  Pj  approaches  P0,  cut-off 
takes  place  earlier.  When  P0  is  reached  the  engine  will  be  stopped, 
and  as  P0  approaches  P3  the  engine  is  reversed.  All  other  points, 


FIG.  82.  FIG.  83. 

as   of   release,    compression,    and    admission,    may    be    traced   in   the 
same  way. 


FIG.  84. 

"  Equivalent  Eccentric,"  with  Oblique  Connecting-rods.— In  Fig.  84, 
let  OC  represent  the  crank,  and  OE  the  eccentric  with  angular 
advance  KOE,  and  BD  a  link  through  which  motion  is  to  be  trans- 
mitted to  the  slide-valve.  Then,  if  the  position  of  the  eccentric  rod 
EB  is  changed  to  position  EA,  the  valve  receives  the  motion  directly 
from  the  eccentric  E,  and  the  link  does  not  affect  the  result.  But 
when  the  eccentric  rod  is  in  position  EB,  it  is  clear  that  if  a  line 
be  drawn  through  OB,  the  motion  of  B  on  the  line  OB,  or  OB  pro- 
duced, would  be  the  same  as  that  of  A  on  the  line  OA,  except  that, 
if  the  valve  were  connected  with  B  either  directly  or  indirectly, 
the  crank  being  as  before,  the  respective  movements  of  the  valve 
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would  take  place  earlier,  because  the  moving  backwards  of  the  line 
OA  through  the  angle  a  to  OB  is  equivalent  to  moving  the  eccentric 
OE  forward,  or  increasing  the  angular  advance  by  the  same  angle. 
If,  therefore,  Oe  be  drawn  equal  to  OE,  and  making  the  angle  EOe  =  a, 
then  Oe  is  the  equivalent  eccentric,  which  will  produce  the  same 
result,  if  e  be  coupled  direct  to  the  valve  moving  in  the  line  OA,  as 
would  be  produced  if  the  valve  were 
coupled  to  B,  driven  by  OE,  and  moving 
in  the  direction  OF. 

If  the  motion  communicated  at  B 
were  in  the  line  BG,  as  is  approximately 
the  case  in  practice,  the  length  of  the 


FIG.  85. 


FIG.  86. 


radius  Oe  of  the  equivalent  eccentric  is  a  little  increased.  By  drawing 
EE'  at  right  angles  to  OE,  then  the  line  joining  O  to  E'  and  making 
an  angle  a  with  OE  is  the  equivalent  eccentric  required. 

Referring  to  Fig.  85,  OF'  is  the  resultant  eccentric  for  the  end  D 
of  the  link.  If  the  rods  were  "  crossed  "  as  at  ED  (Fig.  84),  instead 
of  "  open  "  as  at  EB,  then  the  motion  communicated  from  the  point 
D  in  the  line  OD  will  be  the  same  as  from  A  in  the  line  OA,  except 
that  the  respective  movements  of  the  valve  will  be  later,  because  the 
moving  of  the  eccentric  rod  from  OA  to  OD  through  the  angle  a 
would  have  the  same  result  as  reducing  the  angular  advance  of  the 
eccentric  by  the  same  angle.  Hence,  if  EE"  be  drawn  backwards 
from  OE,  at  right  angles  to  OE,  and  OE"  making  an  angle  a  with 
OE,  then  OE"  is  the  "  equivalent  eccentric  "  for  the  crossed  rod  ED. 

To  find  the  movement  of  the  valve  when  the  block  A  is  situated 
in  the  middle  of  the  link,  if  E'  and  F'  (Fig.  85)  be  joined,  and  the 
point  P  be  taken  midway  between  E'  and  F',  then  OP  is  the  resultant 
eccentric  ;  and  for  the  movement  of  the  valve  when  the  block  is  at 
any  intermediate  position  K,  the  resultant  or  equivalent  eccentric 
may  be  approximately  found  by  drawing  a  circular  arc  through  the 
points  E,  P,  F,  as  shown  enlarged  at  E6F  (Fig.  86),  and  dividing  this 
arc  in  the  same  ratio  as  BK  :  KD  (Fig.  85),  as  explained  below. 

An  application  of  this  method,  with   the  addition  of  the  Zeuner 
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valve  diagram  drawn  upon  the  equivalent  eccentric  radius,  is  useful 
in  finding  the  travel,  the  lead,  points  of  admission,  cut-off,  compression, 
and  release  for  any  position  of  the  block  in  the  link.  Thus,  let  OE 
(Fig.  86)  equal  the  eccentricity  of  the  eccentric,  and  draw  the  angle 
EOE'  equal  to  the  angle  a  (Fig.  85),  and  make  EE'  at  right  angles  to 
OE.  Let  fall  perpendiculars  from  E  and  E'  on  the  horizontal  through 
O,  cutting  it  in  a  and  b.  Draw  the  lap  circle  OL.  Then,  if  the 
extreme  end  of  the  link  B 
(Fig.  85)  is  moved  till  it 
coincides  with  A,  OE  is  the 
half-travel  of  the  valve,  and 
La  is  the  lead.  When  the 


FIG.  87. 


link  is  moved  so  that  the 
block  is  in  mid-gear,  then 
Ob  is  the  half-travel  of  the 
valve,  and  LZ>  is  the  lead. 
For  any  intermediate  posi- 
tion of  the  block  A  in  the  link,  produce  Ea  to  F,  and  make  aF  =  aE, 
and  draw  the  arc  of  a  circle  through  points  E,  b,  and  F.  Then  E6F 
may  be  looked  upon  as  a  miniature  link,  and  if  a  point  K  be  taken 
so  that  EK :  KF  as  BK  :  KD  (Fig.  85),  then  OK  is  the  equivalent 
eccentric  for  that  position  of  the  block  in  the  link. 

Circles  drawn  on  OE,  OK,  Ob  as  diameters  give,  by  their  inter- 
sections with  the  inside  and  outside  lap  circles,  the  points  of  admission, 
cut-off,  etc.,  for  the  respective  positions  E,  K,  6,  etc.,  of  the  block  in 
the  link.  It  will  be  seen,  on  drawing  these  circles,  that  as  the  link 
approaches  mid-position  the  following  changes  occur:  (1)  the  lead 
of  the  valve  increases ;  (2)  the 
travel  of  the  valve  decreases ;  (3) 
cut-off,  release,  exhaust  closure, 
and  re -admission  take  place 
earlier. 

The  effect  upon  the  indicator 
diagram  (Fig.  87)  of  "notching 
up"  the  link,  or  bringing  the 
link  nearer  to  mid-gear,  may  be 
compared  with  the  Zeuner  dia- 
gram for  the  respective  positions. 
Each  operation  of  the  valve, 
namely,  admission,  cut-off,  release, 
and  compression,  taking  place 
earlier  as  the  link  approaches 
mid-position,  the  effect  upon  the 
shape  of  the  indicator  diagram, 
and  therefore  also  upon  the  mean 
effective  pressure  of  the  steam  in 
the  cylinder,  is  very  marked. 


FIG.  88. 
Link  Motion  with  "  Crossed  "  Arms.— When  the  eccentric  rods  are 


attached   to  the  link  as  shown  in  Fig.  80,  the   effect  on  the  steam 
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distribution  for  various  positions  of  the  link  will  be  seen  from  Fig. 
88.  The  line  EE"  is  drawn  at  right  angles  to  OE.  As  before 
explained,  OE '  is  set  off  on  the  opposite  side  of  OE,  making  an  angle 
a  with  it  (see  Fig.  84).  Then  a  perpendicular  through  E"  on  the 
horizontal  line  through  O  gives  a  point  b,  and  an  arc  drawn  through 
b  and  E  from  a  centre  on  line  O6  produced,  and  drawn  concave 
towards  the  link,  gives  a  curve  representing  the  path  of  the  centres 
of  the  equivalent  eccentrics  as  the  link  moves  from  full  to  mid-gear. 
Thus  OK  is  the  radius  of  the  equivalent  eccentric  for  position  K  of 
the  block  in  the  link,  assuming  EF  to  be  the  actual  link  to  a  reduced 
scale.  If  valve  circles  be  drawn  on  OE,  OK,  and  O6,  and  the  lap 
circle  be  added,  it  will  be  seen  that  as  the  link  approaches  mid- 
position —  (1)  the  valve-travel  and  the  port  opening  rapidly  decrease 
(compare  OK  in  Figs.  86  and  88)  ;  (2)  the  lead  decreases  ;  and  (3) 
the  gear  may  be  designed  so  as  to  give  no  port  opening  when  the 
link  is  in  mid-position. 

In  setting  a  link  motion,  the  port  opening  or  lead  is  usually  set  to 
be  the  same  at  both  ends  of  the  stroke  when  the  link  is  in  mid-gear. 

The  Meyer  Expansion  Valve  Gear. — This  gear,  illustrated  in  Figs. 
89  and  90,  consists  of  two  plates  sliding  on  the  back  of  a  main  valve 


FIG.  89. 

as  shown.  The  degree  of  expansion  is  regulated  by  varying  the 
distance  apart  of  the  two  plates  as  required,  by  means  of  a  right  and 
left  handed  screw. 

In  Fig.  90,  MV  is  the  main  or  distributing  valve,  which  is  an 
ordinary  simple  slide-valve,  with  the  addition  of  pieces  at  the  ends 
to  form  ports,  p,  through  the  valve.  EV  are  the  expansion  valve 
plates.  Consider  the  expansion  valve  EV  moving  to  the  left ; 
then  when  e  reaches  n  cut-off  takes  place,  and  the  port  in  the  main 
valve  MV  is  closed,  till  on  the  return  stroke  e  again  moves  to  the 
right  of  n.  Evidently,  by  increasing  the  distance  between  the  two 
plates  of  the  expansion  valve,  the  distance  8  between  e  and  n — when 
both  valves  are  in  mid-position — is  decreased,  and  cut-off'  takes  place 
earlier. 

The  main  valve  acts  as  an  ordinary  slide-valve,  and  the  engine 
might  be  worked  with  it  alone  if  the  expansion  valve  were  entirely 
removed ;  though  in  that  case  the  steam  would  be  supplied  to  the 
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cylinder  during  the  greater  portion  of  the  piston-stroke.     The  action 
of  the  expansion  valve  does  not  in  any  way  affect  the  action  of  the 
exhaust  through  the 
main  valve. 

The  relative  mo- 
tion of  the  two 
valves  may  be  con- 
veniently found  by 
making  an  outline 
drawing  of  the  valves 
and  ports  (Fig.  90), 
and  drawing  on  the 
centre  line  above 
the  valves,  a  circle 
representing  the 
path  of  the  centre  of 
the  expansion  eccen- 
tric, and  below  the 
valves  a  circle  re- 
presenting the  path 
of  the  centre  of  the 
main-valve  eccen- 
tric, both  circles  to 
the  same  scale  as 
that  of  the  valves. 

On     these    circles 

draw  the  relative  positions  of  the  crank  and  eccentrics.  The  main 
eccentric  is  set  as  for  a  simple  valve,  and  the  angle  COE  is  known, 
having  given  the  lap  and  lead  of  the  main  valve. 

The  expansion  eccentric  is  usually  set  right  opposite  the  crank  for 
a  reversing  engine;  for  a  non-reversing  engine  the  angle  C'O'E'  is 
somewhat  less  than  180°. 

Assuming  the  limits  of  cut-off;  say,  from  O8  to  0'2  of  the  stroke, 
then  first  by  the  method  of  templets  :  Let  templets  of  the  valves 
be  made  preferably  full  size,  and  so  that  they  may  be  moved  relatively 
to  each  other,  and  let  the  crank  and  eccentric  on  the  respective  circles 
drawn  above  and  below  the  figure  be  placed  in  position  correctly  for 
0'8  stroke  of  the  piston.  Draw  perpendiculars  from  the  respective 
eccentric  positions  E  and  E'  of  the  eccentrics,  moved  to  position  -|  on 
the  circular  path,  and  let  the  centres  of  the  respective  valves  coincide 
with  these  lines.  Then  the  edge  e  of  the  expansion  plate  must  be  so 
placed  as  to  cover  the  port,  the  centre  line  of*  the  plates  remaining  as 
determined  by  the  position  of  the  eccentric.  Proceeding  similarly  for 
the  other  limit,  the  range  of  opening  and  closing  of  the  plates  will  be 
determined. 

The  plates  composing  the  expansion  valve  must  be  sufficiently  wide 
to  prevent  re-opening  of  the  port  in  the  main  valve  before  the  cylinder 
port  is  closed. 

Application  of  Zeuner  Valve  Diagram  to  Meyer  Valve  Gear.— In 


FIG 
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Fig.  91,  if  OC  represent  the  position  of  the  crank,  OM  that  of  the 
main-valve  eccentric  with  angular   advance    0,  and   OE  that  of  the 


expansion  valve  with  angular  anvance  tj>,  then  Oa  is  the  distance 
of  the  main  valve  from  its  middle  position,  and  Ob  the  distance  of  the 
expansion  valve  ;  also  db  is  the  distance  between  the  respective  centres 
of  the  two  valves.  If  now  OD,  Fig.  92,  be  drawn  equal  and  parallel 
to  EM,  and  a  perpendicular  I)d  be  let  fall,  then  Od  =  ab,  and  OD 
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FIG.  92. 

may  be  considered  as  an  eccentric  with  angular  advance  ft  and 
eccentricity  OD,  which  governs,  for  any  part  of  its  path,  the  rela- 
tive position  of  the  centres,  or  the  relative  motion  of  the  main 
and  expansion  valves. 

On  OM  (Fig.  93)  describe  the  main- valve  circle,  and  on  OE 
describe  the  expansion- valve  circle ;  also  on  OD  describe  a  circle 
representing  the  relative-motion  circle.  Then,  for  any  position  OA 
of  the  crank,  Om  is  the  distance  of  the  main  valve  from  its  mid- 
position,  and  Oe  is  the  distance  of  the  expansion  valve  from  its  mid- 
position.  Hence  em  is  the  distance  between  the  centres  of  the  two 
valves.  But  Od  =  em,  because  if  lines  be  drawn  on  OA  from  M,  E, 
and  D  respectively  to  m,  e,  and  d,  these  lines  are  parallel,  for  each  of 
them,  forming  angles  in  a  semicircle,  are  perpendicular  to  OA.  But 
OD  and  ME  are  equal.  But  when  a  line  (as  OA)  cuts  perpendiculars 
from  the  extremities  of  two  equal  and  parallel  lines  (OD  and  EM), 
the  perpendiculars  intercept  equal  portions  of  that  line ;  therefore 
Od  =  em.  And  for  any  position  OA  of  a  crank,  the  radius  vector  Od, 
intercepted  by  the  relative-motion  circle,  gives  the  relative  positions 
of  the  centres  of  the  main  valve  and  the  expansion  valve  respectively. 
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Referring  to  Fig.  90,  we  see  that  when  the  centres  of  the  valves 
are  at  a  distance  apart  =  en  =  s,  then  cut-off  or  re-admission  will 
take  place.  There- 
fore, if  a  circle  be 
struck  from  centre 
O  (Fig.  94)  with 
radius  s  =  Od5,  cut- 
off will  take  place 
when  the  crank  is  at 
OC,  and  re-opening 
of  the  valve  port  will 
take  place  when  the 
crank  is  at  OC'. 

From  this  it  will 
be  seen  that,  having 
given  the  position  of 
the  crank  at  which 
cut-off  is  required,  the  value  of  8  may  be  determined  by  the  length 
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of  the  line  representing  the  crank  position  which  is  intercepted  by  the 
relative-motion  circle. 

If  the  value  of  8  becomes  greater  than  OD,  the  expansion  valve 
becomes  useless,  merely  contracting  the  port  in  the  main  valve  instead 
of  closing  it.  To  cut  off  at  early  points  in  the  stroke,  the  value  of 
8  may  become  negative — that  is,  the  expansion  plates  overlap  the  ports 
of  the  main  valve  when  both  valves  are  in  mid-position.  Thus  odl  is 
the  negative  value  of  s  to  cut  off  at  crank-position  OP1,  or  at  0*1  of  the 
stroke  of  the  piston. 

The  various  values  of  a  are  brought  down  on  to  one  line,  LF,  and 
these  distances  may  be  used  for  graduating  the  scale  by  which  the 
valve  may  be  set  for  any  desired  point  of  cut-off. 

Eeuleaux  Diagram  for  Meyer  Valve  Gear. — The  action  of  the 
expansion  valve  may  be  easily  followed  from  this  diagram  (Fig.  95). 


FIG.  95. 

Thus,  taking  the  same  example  as  in  Fig.  94,  draw  the  main- 
valve  circle  with  radius  OM,  equal  to  the  eccentricity  of  the  main- 
valve  eccentric.  Draw  also  the  relative-motion  circle  with  radius 
OD  of  the  relative  motion  or  virtual  eccentric  (obtained  as  explained 
in  Fig.  92),  and  from  the  same  centre  the  crank  circle  CjCg  to  any 
convenient  scale. 

From  AB  make  the  angle  AOM  =  0  =  the  angular  advance  of  the 
main-valve  eccentric,  and  in  a  direction   opposite  to   the   crank-pin 
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motion  ;  and  draw  DD,  making  an  angle  y  with  AB,  the  angular 
advance  of  the  relative-motion  eccentric.  From  MO  set  off  the  lap 
line  of  main  valve  parallel  to  MO,  and  at  a  distance  /  from  it.  Then, 
with  main  valve,  port  opens  at  crank-position  OCl  and  closes  at  OC2. 
From  DD  measure  a  distance,  Sa  corresponding  with  s  in  Fig.  90. 
Then  OC3  is  the  position  of  the  crank  at  point  of  cut-off.  If  «  be 
negative,  that  is,  if  the  expansion  plates  overlap  the  ports  in  the 
main  valve  when  both  valves  are  in  mid-position,  set-off  S2  =  lap  of 
expansion  plate.  Then  cut-off  takes  place  earlier  in  the  stroke, 
namely,  when  the  crank  is  at  OC4. 

The  expansion  valve,  for  position  Sx  of  the  plate,  re-opens  the  port 
in  the  main  valve  at  C5.  It  will  be  seen  that  C5  falls  behind  C2 — that 
is,  the  main  valve  has  closed  the  steam  port  before  the  expansion 
valve  re-opens  the  valve  port.  If  C5  had  fallen  before  C2,  the  steam 
would  be  admitted  to  the  cylinder  twice  during  the  stroke. 


CHAPTER  V. 

THE  INDICATOR. 

THE  indicator  was  originally  invented  by  James  Watt,  and  although 
improved  in  points  of  detail,  the  main  features  of  the  instrument  as 
devised  by  him  are  substantially  retained  at  the  present  time  by 
makers  of  indicators. 

The  uses  to  which  the  indicator  is  chiefly  applied  are — 

1.  To  obtain  a  diagram  from  which  conclusions  may  be  drawn  as 
to  the  correctness  or  otherwise  of  the  behaviour  of  the  steam  in  the 
cylinder ;  the  promptness  of  the  steam  admission ;  the  loss  by  fall  of 
pressure  between  the  boiler  and  the  cylinder ;  the  loss  by  wiredraw- 
ing ;  the  extent  and  character  of  the  expansion ;  the  efficiency  of  the 
arrangements  for  exhaust,  including  the  extent  of  the  back  pressure  ; 
the  amount  of  compression. 

2.  To  find  the  mean  effective  pressure  exerted  by  the  steam  upon 
the  piston,   with  which  to  calculate  the  indicated  horse-power  of   the 
engine. 

3.  To  determine  whether  the    valves  are  set  correctly  by  taking 
diagrams  from  each  end  of  the  stroke,  and  observing  and  comparing 
the  respective  positions  of  the    points  of  admission,   cut-off,   release, 
and  compression. 

4.  To  determine  the  condition  of  the  steam  as  to  dryness  when 
the  diagram  is  measured  in   connection  with  the  known  weight  of 
steam  supplied  to  the  cylinder  per  stroke. 

Description  Of  the  Indicator. — The  instrument,  of  which  there  are 
several  different  types,  consists  essentially  of  a  small  steam-cylinder 
containing  a  piston,  and  spring  to  regulate  the  movement  of  the 
piston  according  to  the  pressure ;  a  pencil  carried  by  a  system  of 
light  levers  constituting  a  parallel  motion,  by  which  the  pencil 
reproduces  the  vertical  movement  of  the  indicator  piston,  but 
magnified  four,  five,  or  six  times  ;  and  a  drum  to  which  a  paper  or 
"  card "  is  attached,  and  which  receives  a  backward  and  forward 
rotation  on  its  own  axis  by  a  motion  derived  by  a  reducing  gear 
from  the  crosshead  or  other  suitable  portion  of  the  engine. 

By  the  combined  vertical  movement  of  the  pencil  and  horizontal 
movement  of  the  paper,  a  closed  figure  is  drawn  called  the  indicator 
diagram.  The  enclosed  area  represents  the  effective  work  done  by 
the  steam  upon  the  piston  ;  the  upper  portion  of  the  diagram  represents 
the  varying  pressure  of  the  steam  during  the  forward  or  impulse 
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stroke  of  the  piston,  and  the  lower  portion  that  during  the  backward 
stroke. 

The  diagram   traced   by  the   indicator   pencil  differs  more  or   less 
considerably  from  the  theoretical  (pv)   diagrams  already  considered, 

i 


FIG.  96. 

but  the  actual  diagram  is  usually  the  more  satisfactory,  as  it 
approaches  the  more  closely  to  the  form  of  the  theoretical  diagram. 

Three  indicators  will  be  here  described,  as  sufficient  for  our 
purpose,  namely,  the  Thompson  indicator,  the  Tabor  indicator,  and 
the  outside-spring  indicator  by  Messrs.  Elliott  Bros. 

1.  The     Thompson   indicator   is   illustrated  in   section   in   Fig.    96. 
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FIG.  97. 


The  indicator  and  tap  here  shown  are  screwed  into  a  union  connected 
immediately  with  the  end  of  the  cylinder. 

The   area   of   the   indicator   piston  is   one-half  square  inch.     It  is 
put   into  communication    with   the    engine    cylinder    by  opening  the 

tap.  The  steam  then  lifts  the  piston, 
compressing  the  spring  to  an  extent  de- 
pending on  the  pressure. 

The  piston  has  no  packing,  and  makes 
an  easy  fit  with  the  indicator  barrel. 
The  piston-rod  is  connected  to  the  pencil 
lever  by  means  of  a  ball  joint  and  a  small 
milled  nut. 

The  upper  side  of  the  piston  communi- 
cates with  the  atmosphere  by  means  of 
small  holes  in  the  upper  portion  of 
cylinder. 

The  drum  upon  which  the  paper  is 
fixed  for  receiving  the  diagram  is  carried  by  a  disc  which  rotates  on 
a  vertical  pin.  The  drum  is  pulled  in  one  direction  by  a  cord, 

attached  through  a  reducing 
motion  to  the  engine  crosshead 
or  some  other  suitable  point, 
and  it  returns  in  the  opposite 
direction  by  the  tension  of  a 
spring  coiled  in  the  drum. 
The  tension  of  this  spring 
may  be  regulated  by  a  fly -nut 
on  the  drum  spindle.  The 
drum  is  shown  in  section  in 
Fig.  96. 

The  object  of  most  recent 
improvements  in  steam-engine 
indicators  has  been  to  reduce 
the  weight  of  the  parallel 
motion,  so  as  to  reduce  the 
errors  due  to  inertia  which 
occur  at  high  speeds  with  the 
heavier  moving  parts. 

The  parallel  motion  of  the 
Thompson  indicator  is  repre- 
sented by  Fig.  97.1 

The  points  a  and  b  are 
fixed.  The  link  ac  turns 
about  a,  and  eb  about  b.  The 
line  described  by  the  pencil 
d  is  practically  straight  within 
the  limits  of  its  motion. 

To  change  the  spring  in  the 

Mr.  C  F.  Budeuberg,  M.Sc.,  on  "  Steam  Engine  Indicators." 


FIG.  98. 


1  From  a  paper 
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Thompson  indicator,  unscrew  the  small  milled  nut  by  which  the  piston- 
rod  is  attached  to  the  pencil  lever.  Then  unscrew  the  cylinder  cover, 
and  remove  the  cover,  spring  and  piston.  Unscrew  the  spring  from 
the  cover,  and  lastly  from  the  piston.  Proceed  in  the  reverse  order  to 
fix  a  new  spring. 

2.   The    Tabor   indicator  is   illustrated   in   Figs.    98    and   99.     The 


FIG.  99. 


most  noticeable  feature  of  this  indicator  is  the  means  employed  to 
secure  a  straight-line  movement  of  the  pencil.  A  plate  G  containing 
a  curved  slot 'is  fixed  in  an  upright  position,  and  a  roller  fixed  to  the 
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pencil  lever  H  is  fitted  so  as  to  roll  freely  in  the  slot.  The  curve  of 
the  slot  is  so  formed  that  it  exactly  neutralizes  the  tendency  which 
the  pencil  has  of  describing  a  circular  arc,  and  the  path  of  the  pencil 
is  a  straight  line.  This  arrangement  reduces  the  weight  of  moving 
levers  to  a  minimum,  and  this  instrument  is  especially  suitable  for  high 
speeds.  The  pencil  movement  consists  of  three  pieces  —  the  pencil 
bar  H,  the  back  link  K,  and  the  piston-rod  link  L.  The  two  links 
are  parallel  to  each  other  in  every  position.  The  lower  pivots  of 

these  links  and  the 
pencil-point  are  always 
in  the.  same  straight 
line.  If  an  imaginary 
link,  parallel  with  the 
pen3il  bar,  be  supposed 
drawn  from  the  bottom 
centre  of  one  link  to  the 
other  link,  the  combina- 
tion would  form  a  pan- 
tagraph.  The  slot  and 
roller  serve  the  same 
purpose,  but  to  better 
advantage. 

The  pencil  'mechan- 
ism multiplies  the  pis- 
ton motion  five  times. 
To  change  the  spring 
of  the  Tabor  indicator, 
remove  the  cover  and 
loosen  the  screw  be- 
neath the  piston,  which 
liberates  the  piston 
from  the  piston-rod. 
Then  unscrew  the  pis- 
ton from  the  spring, 
and  the  spring  from 
the  cover.  Proceed  in 
the  reverse  order  to  fix 
another  spring. 

Selection  of  Spring 
for  Indicator.—  Springs 
are  made  of  various 
strengths  to  suit  the 
pressure  of  steam  em- 
ployed in  the  engine 
to  be  indicated,  weak 
springs  being  required 
for  low  pressures,  and 
strong  springs  for  high 
pressures.  The  strength  of  the  spring  is  marked  upon  it  ;  thus  a  y1^ 


100. 


THE  INDICATOR. 


95 


spring  gives  a  reading  of  1  Ib.  per  square  inch  pressure  for  every  ^ 
in.  vertical  movement  of  the  indicator  pencil. 

The  strength  of  the  spring  chosen  depends  upon  the  height  of 
diagram  required,  which  might  be  2^  to  3  in.  for  slow  speeds  to 
not  more  than  hali  that  height  for  high  speeds.  At  100  Ibs.  pressure 
in  the  steam-chest,  and  no  loss  by  throttling,  a  -^  spring  would 
give  a  diagram  2  in.  above  the  atmospheric  line,  a  -^  spring  about 
1$  in.,  and  so  on.  In  measuring  the  diagram  to  find  the  mean 
pressure,  care  must  be  taken  that  the  scale  used  is  the  same  as  that 
of  the  spring  in  the  indicator. 

3.  The   construction   of    the    outside-spring   indicator,    by    Messrs. 
Elliott    Bros.,    will    be    understood    from   the   diagrams    (Figs.    100, 
101).       It  possesses  the  advantage  of 
having  a  spring  which  is  not  exposed 
to   high    temperature,    and    which    is 
therefore   especially   suitable  for  indi- 
cating    engines      using      superheated 
steam,  or  engines  using  steam  of  high 
pressures  and  temperatures. 

Attachment  of  the  Indicator. — A 
hole  is  drilled  at  each  end  of  the 
cylinder,  and  tapped  to  receive  a  half- 
inch  steam-pipe,  to  which  to  connect 
the  indicator-cock.  Care  must  be 
taken,  in  fixing  the  position  of  the 
hole,  that  it  is  in  no  danger  of  its 
being  covered  by  the  piston  of  the 
engine  at  the  end  of  the  stroke.  The 
pipe  connecting  the  indicator  should 
be  as  short  and  direct  as  possible, 
and  be  well  lagged.  Long  pipes  and 
sharp  bends  may  greatly  interfere 
with  accuracy  of  results. 

Reducing  Motions. — The  motion  of 
the  indicator  drum  must  be  an  exact 
reproduction  of  the  motion  of  the 
piston,  or  crosshead,  on  a  reduced 
scale.  The  length  of  the  indicator  diagram  is  usually  from  3  to  4 
in.,  or  longer  for  slow- speed  engines;  at  high  speeds  the  length  is 
reduced.  The  movement  of  the  drum  is  obtained  by  some  arrange- 
ment for  reducing  the  motion  of  the  crosshead  in  the  following 
ratio,  namely — 

(length  of  diagram  required)  -f-  (length  of  stroke  of  engine) 

The  method  of  obtaining  the  movement  required  differs  according 
to  the  design  of  the  engine  to  be  indicated.  The  cord  used  for 
attaching  the  drum  to  the  moving  part  of  the  engine  should  be  as 
short  as  possible,  and  the  cord  itself  well  stretched  before  being  used 
for  such  a  purpose. 


FIG.  101. 
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Fig.  102  shows  a  method  of  fitting  up  an  indicator  gear  for  a  small 

vertical  engine,  as  used  by 
the  author  for  experimental 
purposes.  Figs.  103-107  show 
other  methods,  as  applied  to 
horizontal  engines.  The  points 
requiring  special  attention 
are — 

(1)  The  point  from  which 
the  motion  of  the  cord  is  taken 
must  be  a  correct  reproduc- 
tion of  the  motion  of  the  cross- 
head  to  a  reduced  scale. 

For  this  purpose  it  is  neces- 
sary that  the  ratio  AB  :  AC 
should  be  constant  for  all 
positions  of  the  crosshead  (see 
Figs.  103,  105,  and  106),  where 
C  represents  a  pin  moved  by 
the  crosshead  of  the  engine, 
and  B  the  pin  to  which  the 
indicator  string  is  attached. 
The  cord  is  carried  away 
from  the  pin  B  parallel 
to  the  centre  line  of  the 
engine ;  but  when  the  cord  is 
taken  off  the  circumference  of 
a  portion  of  a  disc,  as  shown 
in  Fig.  104,  the  cord  may  be 
carried  away  to  the  indicator 
in  any  direction,  because  the 


FIG.  102. 


FIG.  103. 
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travel  of  any  point  in  the  cord  throughout  its  length  is  the  same  for 
all  directions  of  the  cord. 


FIG.  104. 


Fig.  107  is  a  pantagraph,  the  point  A  being  connected  to  the  cross- 
head,  while  the  point  C  is  a  fixed  centre.  The  cord  is  attached  to  E, 
so  placed  that  E  is  in  the  straight  line  joining  A  to  0. 

(2)  The  cord  must  in  all  cases  (except  when  attached  to  the  circum- 
ference of  a  disc)  be  led  away  from  the  driving-point  in  a  line  parallel 
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FIG.  105. 


FIG.  106. 


to  the  line  of  motion  of  the  piston  to  a  leading-off  pulley,  after  which 
it  may  be  taken  at  any  angle,  in  the  same  plane,  to  the  indicator 
drum  ;  the  important  point  being  that  the  motion  of  the  cord  at  the 
drum  is  the  same  as  its  motion  at  the  driving-point. 

Sometimes  a  reducing  motion  is  fixed  to  the  indicator  direct,  and 
consisting  of  two  pulleys  whose  diameters  are  in  the  same  ratio  as 
(length  of  diagram  required)  :  (length  of  stroke  of  engine).  Then 
a  cord  led  from  the  large  pulley  to  the  engine  crosshead  by  a  suitable 
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guide  pulley,  and  another  cord  from  the  small  pulley  to  the  indicator 
drum,  give  the  motion  of  the  drum  required  without  any  levers. 

Method  of  taking  In- 
dicator Diagrams. — 

1.  Lubricate  the  indi- 
cator piston. 

2.  Before      attaching 
the       indicator,       blow 
through    the    pipes     to 
see  that  they  are  clear. 

3.  Adjust   the   drum- 
cord  so  that  the   drum 
rotates     freely    without 
knocking  at  either  end 
of  its  stroke. 

4.  Place  the  cord  on 
the    drum,    and    attach 

FIG.  107.  the  cord  to  the  driving- 

point. 

5.  Warm  up  the  indicator  by  admitting  steam  for  a  few  seconds. 

6.  When  the  steam  is  shut  off,  bring  the  pencil  round  till  it  touches 
the  card  gently,  and  draw  a  firm  line.     Adjust  the  stop-screw  so  that 
the  pressure  on  the  pencil  cannot  afterwards  be  excessive. 

The  line  drawn  while  the  steam-cock  is  shut  is  called  the  "  atmo- 
spheric line." 

7.  Open  the  steam-cock,  apply  the  pencil  to  the  card,  and  draw  a 
diagram.     Allow  the  pencil  to  remain   against  the  card  till  several 
diagrams  are  traced  one  upon  another. 


FIG.  108. — XY  =  atmospheric  line;  AB  =  admission  line ;  BC  =  steam 
line ;  CD  =  expansion  line  ;  DB  =  exhaust  line ;  EF  =  back-pressure 
line;  FA  =  compression  line;  A  —  point  of  admission ;  C  =  point  of  cut- 
off; D  =  point  of  release ;  F  =  point  of  compression. 

8.  Remove  the  card  and  mark  on  it  the  following  particulars  : — 


Name  of  engine 

Date      , 

No.  of  diagram 
Scale  of  spring 
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Cylitfder  diameter     . . . 
,,        stroke 

"Which  end      

Diameter  of  piston-rod 
Kevolutions  per  minute 
Boiler  pressure 

Vacuum  

Barometer       

Initials... 


The  Indicator  Diagram.— Fig.  108  is  an  example  of  a  common 
form  of  diagram  from  a  single  cylinder  non-condensing  engine 
running  under  good  working  conditions  : — 

The  admission  line,  AB  (Fig.  108),  shows  the  rise  of  pressure  of 
the  steam  as  it  enters  the  cylinder.  The  character  of  this  line 
varies  with  the  lead  of  the  valve  :  thus  in  Fig.  109,  the  effect  of  too 
early  opening  of  the  port  to  steam  is  shown  by  the  dotted  line  m; 
too  late  action  is  shown  at  n,  Fig.  110. 

The  steam  line,  BC  (Fig.  108),  shows  how  nearly  the  steam  pressure 
in  the  cylinder  reaches  that  of  the  boiler.  For  this  purpose  it  is 
usual  to  draw  the  boiler-pressure  line  over  the  steam  line  as  shown 
in  Fig.  114.  There  is  always  a  certain  fall  of  pressure  between 
the  boiler  and  the  cylinder  in  consequence  of  throttling  of  the  steam 


vr 


Fro.    109. — m  =  excess    of    lead;    p—       FIG.  110. — n  —  insufficient  lead  \t-  late 
wiredrawing;   s  =  early  release ;   r  =  ex.haust ;  x  —  late  compression, 

early  compression. 

in  the  ports  and  passages,  and  especially  at  high  speeds,  when  work- 
ing linked  up,  also  with  very  long  steam-pipes,  or  with  steam-pipes 
too  small  in  diameter  or  having  sharp  bends. 

Again,  during  the  flow  of  steam  into  the  cylinder  there  is  often  a 
further  gradual  fall  of  pressure,  as  shown  by  dotted  line  p  (Fig.  109), 
due  to  the  increased  demand  for  steam  as  the  piston  advances,  causing 
a  sudden  large  displacement.  This  effect,  namely,  the  gradual  fall 
of  pressure  during  admission,  is  known  as  "  wiredrawing." 

The  effect  on  the  steam  line  of  regulating  the  engine  by  a  throttle 
valve,  and  thus  varying  the  opening  for  the  supply  of  steam,  is  shown 
by  Fig.  Ill,  which  was  obtained  by  successively  removing  portions 
of  the  load  on  the  engine  and  maintaining  the  speed  constant  by 
partially  closing  the  steam-supply  valve. 

The  forward-pressure  line  A  for  a  heavy  load  fell  to  B  for  a 
medium  load,  and  to  C  for  a  light  load,  the  points  of  cut-off,  release, 
and  compression  remaining  constant. 

The  point  of  cut-off,  C  (Fig.  108),  is  more  or  less  sharp  and  definite 
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with  trip-valve  gears,  which  cut  off  suddenly  by  the  action  of  a 
strong  spring ;  but  with  the  slide-valve  the  cut-off  is  more  gradual, 
the  corner  is  rounder,  and  the  exact  point  of  cut-off  is  more  difficult 
to  locate.  In  such  a  case  the  point  of  cut-off  may  be  taken  at  the 
point  where  the  concave  curve  of  the  expansion  line  meets  the  convex 
curve  of  the  cut-off  corner. 

The  effect  on  the  diagram  of  varying  the  point  of  cut-off  is  shown 


FIG.  111. 


FIG.  112. 


in  Fig.  112  for  non-condensing  engines,  and  in  Fig.  113  for  con- 
densing engines  with  a  trip- valve  gear,  the  cut-off  being  fairly  sharp. 

Fig.  114  shows  the  effect  of  regulating  the  cut-off  with  a  slide- 
valve  high-speed  engine.  Here  the  cut-off  point  is  much  less  definite 
than  with  a  trip  gear  (Fig.  113). 

In  the  non-condensing  diagrams  (Fig.  112)  with  an  early  cut-off, 
it  is  seen  that  the  expansion  line  falls  below  the  atmospheric  line, 
and  forms  a  loop  at  the  end  of  the  diagram  ;  this  is  due  to  the  pres- 
sure of  steam  during  expansion  falling  below  atmospheric  pressure, 
and  hence,  when  the  exhaust  port  opens,  the  pressure  will  rise  instead 


FIG.  113. 


FIG.  114. 


of  fall  to  the  back -pressure  line.  This  is  a  most  wasteful  form  of 
diagram.  In  condensing  engines  with  a  good  vacuum,  a  loop  is  not 
formed  even  with  a  very  early  cut-off  (Fig.  113). 

Where  it  is  necessary  to  work  regularly  with  a  very  early  cut-off, 
the  conditions  are  uneconomical,  and  the  engines  are  too  large  for 
their  work. 

The  expansion  curves  of  indicator  diagrams  vary  considerably,  and 
they  do  not  obey  any  very  definite  law.  They  are,  in  fact,  the 
resultant  effect  of  a  variety  of  separate  causes,,  operating  to  a 
different  extent  in  different  engines,  and  even  in  the  same  engine 
by  change  of  conditions.  These  causes  include  :  increase  of  volume 
of  the  steam  after  cut-off ;  condensation  by  work  done  and  by  loss  of 
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heat  to  the  internal  cylinder  surface ;  re-evaporation  of  water  present 
in  the  cylinder  during  expansion. 

It  is,  however,  frequently  helpful  to  apply  to  the  expansion  line 
of  a  diagram  an  approximate  standard,  and  for  this  purpose  the 
hyperbolic  curve  is  used,  and,  without  expecting  the  diagram  neces- 
sarily to  follow  that  curve,  useful  information  may  sometimes  be 
obtained  by  its  aid,  especially  as  to  the  probable  extent  of  re-evapora- 
tion in  the  cylinder.  The  method  of  applying  this  curve  to  the 
diagram  is  explained  on  p.  109. 

The  release  point,  I)  (Fig.  108),  occurs  just  before  the  end  of  the 
stroke.  The  higher  the  rate  of  revolution  of  the  engine  the  earlier 
the  exhaust,  the  trouble  with  high-speed  engines  being  not  so  much 
how  to  get  the  steam  into  the  cylinder  as  how  to  get  it  out. 

The  exhaust  line,  DE  (Fig.  108),  represents  the  fall  of  pressure  which 
takes  place  when  the  exhaust  port  is  opened.  Fig.  109,  p.  99, 
shows,  by  dotted  line,  early  opening  to  exhaust  at  s,  and  Fig.  110 
late  exhaust  at  t. 

The  'back-pressure  line,  EF  (Fig.  108),  shows  the  pressure  against 
the  piston  during  its  return  stroke,  the  amount  of  the  pressure  being 
measured  from  the  back-pressure  line  down  to  the  zero  line  of  pres- 
sure. In  non-condensing  engines,  the  back  pressure  coincides  the 
more  nearly  with  the  pressure  of  the  atmosphere  as  the  exhaust 
passages  permit  of  a  free  exit  for  the  steam.  In  good  non-condensing 
engines  the  back  pressure  is  about  1  lb.  above  the  atmosphere,  and  in 
condensing  engines  about  3  Ibs.  above  zero. 

The  compression  curve,  FA  (Fig.  108),  commences  from  the  point  of 
exhaust  closure  at  F.  The  point  of  closure  depends  upon  the  amount 
of  inside  lap  on  the  valve,  arid  the  angular  advance  of  the  eccentric, 
and  the  nature  of  the  curve  formed  will  depend  upon  the  pressure 
of  the  steam  trapped,  as  well  as  upon  the  volume  of  the  clearance 
space.  A  valve  having  an  amount  of  inside  lap  suitable  for  a  con- 
densing engine  when  the  pressure  of  the  steam  at  beginning  of 
compression  is  only,  say,  3  Ibs.  absolute,  will  probably  show  an 
excessive  amount  of  compression  when  the  same  engine  is  used 
non-condensing,  and  compressing  steam  at  16  Ibs.  absolute  pressure. 

The  shape  of  the  compression  corner  of  the  diagram  is,  however, 
the  resultant  effect  of  several  causes,  including  the  compression  of 
the  steam  enclosed ;  compression  of  air  trapped  with  the  steam, 
especially  in  non-condensing  engines ;  leakage  of  steam  into  and 
out  of  the  cylinder  during  compression ;  and  the  early  admission 
of  steam  before  the  piston  has  yet  reached  the  end  of  its  backward 
stroke,  especially  with  a  link  motion  linked  up  towards  mid- 
position. 

Clearance. — This  is  the  space  enclosed  between  the  piston  and  the 
face  of  the  slide-valve  when  the  piston  is  at  the  end  of  its  stroke, 
and  includes  the  space  between  the  piston  and  cylinder  cover,  the 
volume  of  the  steam-port  up  to  the  face  of  the  slide-valve,  and  the 
volume  of  any  other  pipes  or  passages  opening  into  the  cylinder 
requiring  to  be  filled  with  steam  each  stroke,  such  as  auxiliary 
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starting  valve  pipes,  relief  cock,  and  indicator  connections.  The 
clearance  volume  is  relatively  greater  in  small  engines  than  in  large, 
and  varies  from  3  to  10  per  cent,  of  the  piston  displacement.  With 
piston  valves  the  clearance  volume  may  reach  25  or  30  per  cent.  The 
clearance  space,  though  generally  a  source  of  loss  when  considered  in 
connection  with  steam  consumption,  is  necessary  for  practical  reasons 
— -first,  to  avoid  danger  to  the  cylinder  covers  by  allowing  space  for 
the  small  amount  of  water  which  is  invariably  present  to  a  greater  or 
less  extent  in  engine  cylinders  ;  and  also  to  provide  passages  sufficiently 
large  for  the  ready  ingress  and  egress  of  the  steam.  Since  the  clearance 
volume  depends  upon  the  area  of  the  piston,  and  not  upon  the  length 
of  stroke,  it  follows  that  in  the  short-stroke  cylinder  of  large  diameter 
the  clearance  volume  is  necessarily  a  large  proportion  of  the  piston 
displacement. 

The  clearance  line,  OP  (Fig.  115).  Before  this  line  can  be  drawn, 
the  volume  of  the  clearance  space  must  be  obtained  by  calculation 
from  the  drawings  of  the  cylinder,  or  by  measurement.  Then,  if 
vertical  lines  be  drawn  touching  the  ends  of  the  indicator  diagram, 
the  distance  between  them  represents  the  piston  displacement.  The 
clearance  line  must  then  be  set  back  from  the  line  through  AB,  so 
that  its  distance  OB  from  the  end  of  the  diagram  is  to  the  whole 
length  of  the  diagram  BC,  as  the  volume  of  the  clearance  is  to  the 
volume  of  the  piston  displacement. 

The  zero  line  of  pressure,  or  line  of  perfect  vacuum,  is  drawn  14 -7  Ibs. 
below  the  atmospheric  line,  or,  more  correctly,  by  the  reading  of  the 
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FIG.  115.— OB  =  clearance  volume  ;  BC  = 
piston  displacement. 

atmospheric  pressure  from  the  barometer,  which  is  set  down  from  the 
atmospheric  line  to  the  same  scale  of  pounds  as  the  spring  used  in 
drawing  the  diagram. 

Effects  of  Clearance.— 1.  Effect  of  clearance  on  the  ratio  of 
expansion  : — • 

In  Fig.  116,  let  V  =  piston  displacement;  c  =  clearance  volume; 
a  =  piston  displacement  at  cut-off;  R  =  nominal  expansion;  B!  = 
actual  expansion. 

Assuming  hyperbolic  expansion — 
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Then  R  = 


R1== 


final  volume          V 
volume  at  cut-off  ~~  a 


a  -f-  c 
5  cub.  ft.  ;  c  =  a  =  1 


cub.  ft.  ;  initial  pressure 


EXAMPLE. — Let  V 
=  100  Ibs.  absolute. 

Then  cut-off  takes  place   at  i  of   the  stroke,  and,  neglecting   the 
effect  of  clearance  volume,  the  nominal  number  of  expansions  R  =  5. 

But  when  the  clearance  volume  is  added,  then  the  actual  number 
of  expansions — 

final  volume          V  +  c      6 
1  ~~  volume  at  cut-off  ~~  a  -f  c  ~~  2  ~~ 

Or  the  actual  ratio  of  expansion  is  ±  instead  of  J. 

The  terminal  pressure          _„       initial  volume 


neglecting  clearance 

The  terminal  pressure 

including  clearance 


=  100  X  -7T— r 


7.  —  r  —  i— 
final  volume 


v. 

-  10°T7  =  20 
V 


=  100 


each    stroke    by 


Clearance  steam  does  no  work  on  the  piston  during  admission  ;  but 
after  cut-off  its  effect  is  to  raise  the  pressure  during  expansion,  or  to 
permit  a  larger  expansion  for  a  given  terminal  pressure,  and  thus  to 
increase  the  area  of  the  expansion  portion  of  the  work  diagram. 

2.  Effect  of   clearance  on   steam  consumption  when   the   steam    is 
admitted  to   the  cylinder  through  the    whole  length    of    stroke,  and 
with  no  compression  of  exhaust. 

Here    evidently    the    clearance   volume 
steam  that  does  no  work  on  the  piston, 
and   the  steam  so  used  is  all  wasted  at 
the  exhaust. 

3.  Effect   of   clearance  on   work    done 
per  unit  volume  or  weight  of  steam  with 
expansion. 

(a)  Taking  first  the  case  (Fig.  117) 
where  clearance  volume  =  0  and  com- 
pression =  0  :  To  find  the  work  done 
per  unit  weight  of  steam,  which  is  here 
taken  as  the  weight  of  1  cub.  in.  of  steam 
at  75  Ibs.  absolute  pressure,  expanded 
down  to  back  pressure  of  15  Ibs.  absolute. 


-'5 


5  CU.IN. 


Mean  pressure  = 


area    _  75(1  +  log,  r)  _  75(1  +  1-61)  _ 
~~6~  5 


=  M. ,  fi 


length 
or  mean  effective  pressure  =  39*15  —  15  =  24-15  Ibs. 

Work  done  per  unit  of  steam  admitted  =  24-15  X  5  =  120'75inch-lbs. 

(b)  Taking,  secondly,  clearance    volume  =  0'5    cub.    in.    and    com- 
pression =  0  (Fig.  118). 

Here  for  the  same  terminal  pressure  the  piston  displacement  may 
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be  increased  to  7-i>cub.  in.,  the  number  of   expansions    being  five  in 
each  case. 

final  volume     _^  7-5  _ 


original  volume 
Mean  pressure  )         area 
during  stroke   )  =  ] ( 


1-5 

75  +  (75  X 


=  36-59 


length  7 

or  effective  pressure  =  36-59  -  15  =  21-59" 
Work  done  per  cubic  inch  of  steam  admitted  =  21-59  X  7  -f- 1*5 

"  =  100-75  inch-lbs.  ^ 

This  result,  namely,  100.75  units  of  work  per  cubic  inch  of  steam 
admitted,  compared  with  120-75,  which  is  the  amount  of  work  done 
per  unit  of  steam  with  no  clearance  space  in  the  cylinder,  shows  a 
loss  due  to  clearance  space  in  this  example  of  16 '5  per  cent,  in  work 
units  per  unit  of  steam.  Both  these  cases  are  without  compression. 

(c)  Taking  the  same  data  as  before,  but  with  compression  during 
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FIG.  118. — Area  efcd  =  1 ;  area  abed  = 
1-5. 
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FIG.  119. 


the  backward  stroke  from  atmospheric  pressure  up  to  initial 
pressure  (see  Fig.  119). 

Considering  the  case  numerically,  it  has  been  shown,  case  (a),  that 
the  figure  cbdf  without  clearance  (Fig.  119)  is  equivalent  to  a  work 
area  of  24-15  X  5  =  120-75  units;  also,  by  case  (b),  that  the  figure 
cbde  with  clearance  is  equivalent  to  a  work  area  of  21-59  X  7  = 
151'13  units,  or  a  difference  equal  to  the  area/de  of  30-38  units. 

But  the  area  of  the  figure  oba'2  =  (log^  r  =  loge  5  =  1-61)  times  the 
area  of  the  clearance  volume  rectangle  og  =  1-61  x  75  x  0-5  =  60-375. 


The  mean  pressure  = 


area  oba2 


375 


=  30-1875 


length  o2  ~       2 
Deducting  pressure  of  atmosphere,  30*1875  —  15  =  15'1875 
Work  units  perfo.med  during  forma-)      lg    g  g      2  =  30.375 
tion  of  compression  corner  abc         j 

That  is,  the  negative  work  area  of  compression  abc  is  equal  to  the 
positive  work  area  fde  due  to  increased  expansion. 

Therefore   the  work  area  cbdf  without    clearance  is    equal  to  the 
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work  area  abde  with  clearance,  and  each  of  these  areas  has  been 
formed  with  the  same  weight  of  steam.  Hence  there  is  no  loss  by 
clearance  when  compression  is  carried  to  initial  pressure,  and  when 
expansion  is  carried  down  to  back  pressure. 

In  practice  the  two  latter  conditions  are  rarely  fulfilled,  and  there 
is,  therefore,  usually  a  considerable  loss  by  clearance,  especially  when 
the  clearance  volume  is  proportionally  large,  as  in  short-stroke  high- 
speed engines. 

The  compression  of  the  steam  towards  the  end  of  the  exhaust 
stroke  is  of  more  importance  from  the  point  of  view  of  smooth 
running  and  the  prevention  of  shocks  than  of  steam  economy  ;  and 
the  higher  the  speed  the  more  necessary  is  it  to  have  a  good  com- 
pression corner  to  the  diagram. 

The  Stephenson  link  motion  fulfils  this  condition  very  efficiently 
by  providing  an  increasingly  early  closure  to  exhaust,  and  an  increas- 
ing lead  when  linking  up  takes  place  at  high  speed,  the  combined 
effect  of  which  is  to  give  a  large  compression  corner,  shown  in  Fig. 
87,  and  thereby  to  improve  the  smoothness  of  running  of  the 
engine. 

Limit  of  Useful  Expansion. — In  addition  to  the  limit  which  cylinder 
condensation  and  excessive  variation  of  stress  upon  the  piston  may 
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place  upon  the  number  of  expansions  permissible  in  a  single  cylinder, 
there  is  a  further  reason  for  limiting  the  number  of  expansions, 
namely,  the  work  to  be  done  by  the  engine  in  overcoming  back 
pressure  and  friction  ;  and  this  applies  to  both  simple  and  compound 
engines  of  all  classes. 

The  proportional  loss  due  to  work  done  against  the  back  pressure 
of  the  atmosphere  increases  directly  as  the  expansions  increase, 
while  the  gain  due  to  increased  expansion  is  a  gradually  decreasing 
one.  A  limit  is  therefore  eventually  reached,  beyond  which  further 
expansion  would  involve  a  loss.  This  is  well  illustrated  by  the 
following  (Fig.  120),  which  is  a  modification  of  a  diagram  by  Willans. 
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From  the  point  O  a  vertical  line,  OW,  is  drawn  representing  work 
done  in  foot-pounds,  and  Oa  is  a  line  of  volumes  in  cubic  feet. 

On  the  vertical  line  through  O  a  scale  is  set  off  of  work  done  per 
cubic  foot  of  steam  at  any  required  pressure  (  =  PV).  Then,  assum- 
ing hyperbolic  expansion,  the  work  done  by  expansion  from  1  to  2, 
3,  4,  etc.,  cub.  ft.  is  set  up  to  scale  on  the  vertical  lines  from  the 
respective  points  2,  3,  etc.,  on  the  line  Oa. 

Thus  at  2  cub.  ft.  the  height  of  the  vertical  2K  for  any  pressure, 
as  75  Ibs.,  =  PV(1  +  loge  2) ;  at  3  cub.  ft.  =  PV(1  +  log.  3),  etc. 
These  vertical  lines  represent  to  scale  the  total  work  done  by  the 
steam  during  admission  and  expansion,  2,  3,  4,  etc.,  times. 

But  these  totals  will  be  reduced  by  the  work  done  against  back 
pressure.  For  non-condensing  engines,  taking  16  Ibs.  per  square 
inch  absolute  to  represent  back  pressure  due  to  the  atmosphere,  and 
2  Ibs.  per  square  inch  of  piston  to  overcome  the  friction  of  the  engine, 
then  from  1  set  up  PV  due  to  back  pressure  =  (18  X  1) ;  from  2  set 
up  (18  x  2),  and  so  on,  Then  the  height  of  the  vertical  from  Oa  to 
meet  the  oblique  line  through  e  represents  the  work  done  against 
back  pressure  and  friction  for  non-condensing  engines.  Similarly, 
an  oblique  line  through  c  is  drawn  for  condensing  engines,  allowing 
6  Ibs.  absolute  for  work  done  against  back  pressure  and  in  over- 
coming friction. 

Then  the  vertical  ordinates  measured  at  each  ratio  of  expansion, 
from  the  friction  line  to  the  curves,  give  the  theoretical  net  effective 
work  for  the  initial  steam  pressure  taken. 

The  most  effective  number  of  expansions  is  where  this  ordinate  is  a 
maximum.  A  dotted  line  (m)  is  drawn  representing  the  number  of 
expansions,  beyond  which  it  does  not  pay  to  go.  The  limiting  ratio 
of  expansion  for  non- condensing  engines  was  given  by  Willans  as 
(absolute  initial  pressure)  -4-25.  For  condensing  engines,  it  will  be 
seen  from  the  figure  that  the  limiting  ratio  (m'}  is  much  higher,  and 
in  practice  the  number  of  expansions  =  (absolute  initial  pressure) 
14  approximately. 


Indicated  Horse-power  (I.H.P.).— The  formula   is   given   on 


FIG.  121. 


p.    2. 

It  is  convenient  to  use  a  con- 
stant for  each  engine  =  L  X  A 
4-  33,000,  where  L  =  length  of 
stroke  in  feet,  and  A  =  effective 
area  of  piston  in  square  inches. 
Then— 

P  X  N  x  constant  ==  I.H.P. 

where  P  =  mean  effective  pres- 
sure, and  N  =  number  of  impulses 
per  minute. 

The  mean  effective  pressure,  as 
obtained  from  an  actual  indicator 


diagram,  is  the  mean  width  of  the  figure  measured  by  the  scale  of  the 
indicator  spring  with  which  the  diagram  was  taken  (Fig.  121). 
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The  mean  forward  pressure  is  the  mean  height  of  the  irregular 
figure  cdbd  from  the  zero  line  of  pressure. 

The  mean  back  pressure  is  the  mean  height  of  the  irregular  figure 
ccbd  from  the  zero  line  of  pressure.  The  difference  between  the 
mean  heights  of  these  two  figures  =  the  mean  effective  pressure. 

Measurement  of  Mean  Pressure. — For  this  purpose  two  methods 
may  be  adopted — first,  the  method  of  ordinates ;  or,  second,  the  use 
of  the  planimeter.  The  method  of  ordinates  is  as  follows :  Draw  two 
lines  at  right  angles  to  the  atmospheric  line,  touching  the  diagram 
at  its  extreme  ends,  and  divide  the  space  between  them  into  10  equal 
parts  (or,  when  great  accuracy  is  required,  into  20  equal  parts). 

In  order  now  to  find  the  mean  width  of  the  diagram,  measure  the 
width  in  the  centre  of  each  space  by  the  scale  corresponding  to  the 
spring  of  the  indicator,  add  the  results  together,  and  divide  by 
the  number  of  measurements;  the  result  will  be  the  mean  effective 
pressure. 

The  planimeter  is  an  instrument  by  means  of  which  the  mean 
pressure  may  be  obtained  from  the  diagram  more  rapidly  than 


FIG.  122. 


FIG.  123. 


by  measurement.  There  are  various  kinds  of  planimeters,  as  the 
Amsler  planimeter,  the  Coffin  averaging  instrument,  the  Hatchet 
planimeter,  and  others.  The  operation  with  the  Amsler  planimeter 
consists  of  tracing  the  outline  of  the  diagram  with  a  pointer  of  the 
instrument,  when  the  mean  pressure  of  the  diagram  may  be  read 
from  the  graduations  of  a  small  roller,  the  movement  of  which 
depends  upon  the  path  of  the  tracer  as  it  passes  over  the  outline  of 
the  diagram. 

When  a  diagram  has  loops,  as  shown  in  Fig.   122,  the  loops  repre- 
sent negative  work,  and  show  that  the  engine  is  under-loaded.     The 


FIG.  124. 


FIG.  125. 


loops  would  disappear  if  the  load  were  increased.     The  forward  line 
bed  would  then  rise  as  in  Fig.  123,  while  the  back-pressure  line  fgd 
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remains  as  before.  Or,  by  exhausting  into  a  condenser,  the  back- 
pressure line  may  be  lowered,  while  the  forward  -  pressure  line 
remains.  In  all  cases  of  diagrams  with  loops,  it  is  advisable  to  draw 
the  zero  line  of  pressure,  and  estimate  by  the  usual  method  of 
ordinates,  the  mean  pressure  of  the  whole  forward-pressure  diagram, 
abode  (Fig.  124),  and  afterwards  of  the  back-pressure  diagram, 
dbfgde,  shown  cross-lined.  The  difference  will  be  the  resultant  mean 
effective  pressure. 

To  find  the  power  of  an  engine,  diagrams  must  of  course  be  taken 
from  each  end   of  the  cylinder.       When   one   indicator   is   connected 


FIG.  126. 

with  the  two  ends  of  the  cylinder  by  pipes  and  a  three-way  cock, 
as  shown  in  Fig.  125,  the  two  diagrams  may  both  be  taken  on  one 
card,  as  Fig.  126.  This  system  (Fig.  125)  is  not  to  be  recommended 
except  for  small  engines.  The  mean  pressure  of  such  diagrams  is 
taken  by  measurement  separately,  and  their  sum  is  divided  by  2  to 
obtain  the  mean  pressure. 

To  find  the  mean  value  of  the  area  A  of  the  piston,  when  the 
steam  acts  on  a  full  face,  Oj,  of  the  piston  on  one  side,  and  when  on 
the  other  side  the  amount  of  this  area  is  reduced  by  the  area  a.2  of 
the  piston-rod — 

Then  mean  area  A  =  {a^  -f  (a1  —  a.2)}  4-  2 

For  compound  or  multicylinder  engines,  the  power  of  each  cylinder 
separately  is  obtained,  as  already  explained,  and  the  sum  of  these 
is  the  total  indicated  horse-power. 

Mean  Power  at  Variable  Speeds.— Where  the  revolutions  are 
variable  during  the  period  of  trial,  indicator  diagrams  should  be 
taken  more  frequently,  and  to  ensure  accuracy  where  the  speed 
varies  considerably,  and  especially  when  the  mean  pressures  at  the 
two  ends  of  the  cylinder  vary  also,  it  is  more  satisfactory  to  keep 
the  diagrams  from  the  two  ends  of  the  cylinder  separate  ;  to  obtain 
a  piston  constant  for  such  end  separately ;  to  find  the  I.H.P.  for  each 
diagram  as  it  is  taken ;  to  take  the  diagrams  at  equal  intervals ;  and, 
finally,  to  find  the  mean  of  all  the  diagrams  from  the  respective  ends 
of  the  cylinder.  Then  the  sum  of  the  means  from  each  end  of  the 
cylinder  is  the  total  I.H.P. 

To  draw  a  Hyperbolic  Curve  upon  an  Indicator  Diagram. — The 
point  from  which  the  curve  is  drawn  may  be  at  a  just  before  the 
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exhaust  port  opens,  or  at  b  just  after  cut-off.  At  a  the  weight  of 
steam  present  in  the  cylinder  as  steam  is  usually  a  maximum,  owing 
to  the  effect  of  re-evaporation.  It  will  not  represent  the  whole  weight 
of  steam  passing  through  the  cylinder,  because  even  here  there  is 
probably  a  certain  percentage  of  water  not  yet  re-evaporated,  and  a 
certain  amount  of  leakage  past  the  piston  and  valve  to  exhaust.  The 
space  between  the  diagram  and  the  curve  will  show  approximately 
the  loss  of  area  due  to  the  previous  condensation  of  the  steam  now 
reappearing  in  the  later  part  of  the  diagram. 

Set  off  first  the  clearance  line  at  O,  and  draw  the  zero  line  of 
pressure  Oy  by  scale  of  indicator  spring.  Then,  to  draw  the  curve 
touching  point  a  (Fig.  127),  draw  a  horizontal  and  vertical  line 


FIG.  127. 


FIG.  128. 


through  a,  and  make  ac  any  convenient  height.  Join  Oc,  and  from  c 
draw  a  horizontal,  ce.  Where  Oc  cuts  the  horizontal  line  through  a 
raise  a  perpendicular,  de.  Then  e  is  a  point  in  the  hyperbolic  curve. 
Any  number  of  further  points  in  the  required  curve  may  be  obtained 
by  drawing  lines  from  O  as  shown,  and  by  drawing  horizontals  and 
verticals  from  the  intersections  of  the  lines  through  O  with  ac  and 
ad  respectively.  The  curve  is  drawn  through  the  points  of  inter- 
section. 

The  construction  of  the  curve  through  b  (Fig.  128)  will  be  under- 
stood from  the  figure,  the  points  in  the  dotted  hyperbolic  curve  being 
obtained  by  drawing  any  oblique  line,  Oc,  to  a  point  c  on  the  hori- 
zontal through  6.  Then,  where  the  oblique  line  Oc  cuts  the  vertical 
through  6,  namely,  at  d,  draw  a  horizontal  line,  de,  to  cut  a  vertical 
through  c :  then  point  e  is  a,  point  on  the  hyperbolic  curve. 


CHAPTER   YI. 

QUALITY  OF  THE   STEAM  IN  THE    CYLINDER. 

IN  all  ordinary  types  of  steam-engines,  the  steam  in  the  cylinder  at 
the  point  of  cut-off  is  less  than  that  actually  admitted  to  the  cylinder 
per  stroke,  the  remainder  being  present  in  the  cylinder  as  water,  or 
having  passed  away  to  exhaust  by  leakage  at  the  slide-valve  or 
piston. 

The  amount  of  the  loss  from  these  two  causes  combined  varies 
from  20  to  50  per  cent,  of  the  total  weight  of  steam  supplied  per 
stroke.  The  causes  of  the  presence  of  water  in  the  cylinder  may  be 
stated  in  detail  as  follows  : — 

1.  Wetness  of  the  steam  originally  supplied  by  the  boiler. 

2.  Wetness  due  to  condensation  in  long  ranges  of  steam-pipes  and 
in  the  valve  chests,  especially  when  these  parts  are  not  well  covered 
with  non-conducting  material. 

3.  ''Initial    condensation"  of  the   steam  on  entering  the  working 
barrel  of  the  cylinder. 

4.  Condensation  due  to  work  done  by  the  steam  during  expansion 
in  the  cylinder  after  cut-off. 

5.  Condensation  due  to  external  radiation  and  conduction  from  the 
cylinder  walls. 

1.  Wetness  of  Steam  supplied  by  the  Boiler. — When  steam  carries 
over  with  it  from  the  boiler  to  the  engines  water  which  has  not  been 
evaporated,  but  which  passes  away  mixed  with  the  steam,  the 
phenomenon  is  known  as  priming. 

The  conditions  which  determine,  to  a  greater  or  less  extent,  the 
quality  of  the  steam  supplied  from  a  boiler  as  to  dryness  are  :  (a)  the 
rate  at  which  the  steam  is  generated — whether  by  natural  draught  or 
accelerated  draught ;  the  greater  the  rate  the  greater  the  tendency 
to  wetness.  (6)  The  area  of  the  water  surface  at  the  water-level  of 
the  boiler  per  pound  of  steam  generated  per  minute  ;  the  smaller  the 
surface  area  for  a  given  weight  of  steam  delivered,  the  greater  the 
disturbance  of  the  surface,  and  the  more  probability  of  the  steam 
being  wet— hence  the  steam  is  usually  dryer  from  a  Lancashire  boiler 
than  from  a  vertical-type  boiler,  (c)  The  volume  of  the  steam  space; 
within  certain  limits,  the  smaller  the  volume  the  greater  the  tendency 
to  wetness ;  hence  one  means  of  reducing  the  amount  of  priming  in 
boilers  is  to  work  with  the  water-level  low  in  the  gauge-glass,  (d) 
The  size  of  the  boiler  compared  with  the  weight  of  steam  required 
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per  stroke  by  the  engine ;  thus  a  large  slow-running  engine,  if 
supplied  with  steam  from  a  relatively  small  boiler,  causes  a  fluctua- 
tion of  pressure  in  the  boiler  at  each  stroke  of  the  engine,  which 
induces  surface  agitation  of  the  water  as  the  pressure  varies,  and 
tends  to  increase  the  wetness  of  the  steam.  This  effect  may  be 
remedied  by  throttling  down  the  steam-supply  at  the  stop-valve,  so 
as  to  reduce  the  extent  of  the  fluctuation  of  the  pressure  in  the  boiler. 

2.  Wetness  due  to  Condensation  in  Steam-pipes  and  Valve  Chest. 
-The  loss  of  heat  from  uncovered  steam-pipes  is  considerable,  and 

varies  directly  as  the  difference  of  temperature  of  the  steam  and  the 
external  air,  and  inversely  as  the  thickness  of  the  pipe. 

The  loss  from  iron  steam-pipes  uncovered,  per  degree  difference 
of  temperature  between  steam  and  external  air,  is  approximately 
2-4  thermal  units  per  hour  per  square  foot  of  external  surface  of  pipe. 
By  covering  the  pipe  with  woollen  felt  \  inch  thick,  this  loss  is  re- 
duced to  0-7  thermal  unit  per  hour  per  square  foot  of  external  surface 
of  metal  pipe  ;  with  1-inch  covering  the  loss  is  0'4  thermal  unit,  and 
with  a  2-inch  covering  O24  thermal  unit.1 

All  water  present  in  the  steam  should,  as  far  as  possible,  be 
separated  from  it,  so  that  the  steam  may  enter  the  cylinder  dry,  and 
for  this  purpose  it  is  usual  to  fix  a  separator 
as  near  as  possible  to  the  engine.  The  action 
of  one  form  of  separator,  of  which  there  are 
various  designs,  will  be  understood  by  refer- 
ence to  Fig.  129.  The  wet  steam  enters  the 
chamber  at  the  top,  and  passes  through  a 
spiral  passage  downwards  towards  the  bottom 
of  the  separator.  The  whirling  motion  of  the 
s\,eam  thus  set  up  causes  the  particles  of 
water  present  in  the  steam  to  strike  the 
sides  of  the  chamber,  and  to  flow  to  the 
bottom  of  the  vessel.  The  steam  passes  for- 
ward in  a  more  or  less  dry  condition,  in  an 
upward  direction  through  the  exit  pipe,  the 
bottom  of  which  is  some  distance  from  the 
bottom  of  the  separator.  Connected  with 
the  separator  is  a  "  steam  trap  "  into  which 
the  water  is  collected,  and  from  which  it  is  passed  into  the  feed-tank. 
A  gauge-glass  is  fitted  to  show  the  height  of  water  present  in  the 
bottom  of  the  separator. 

3.  Initial  Condensation. — Next  to  the  loss  of  heat  at  the  exhaust, 
that  due  to  initial  condensation  of  steam  in  the  cylinder  is  the  most 
serious  of  the  losses  connected  with  the  use  of   steam  as  a  working 
fluid ;  and  the  endeavour  to  prevent  the  loss   from    this    cause   has 
accounted   for  most  of  the    improvements  in  the  steam-engine  since 
the  time  when  James  Watt  invented  the  separate  condenser.     Before 
this  time  the  cylinder  was  used  alternately  as  a  steam-cylinder  and 
a  condenser. 

1  These  numbers  are  deduced  from  a  table  by  Mr.  A.  G.  Brown  in  "  The  Indicator." 


FIG.  129. 


ri2  STEAM-ENGINE    THEORY  AND   PRACTICE. 

When  steam  from  the  boiler  is  admitted  to  the  cylinder  with  the 
piston  at  the  beginning  of  the  stroke,  it  comes  in  contact  with  the 
metallic  surfaces  of  the  cylinder  cover,  the  face  of  the  piston, 
the  walls  of  the  steam  ports,  and  more  or  less  area  of  the  circum- 
ferential surface  of  the  cylinder  barrel, 

If  all  these  surfaces  were  as  hot  as  the  steam  which  enters  the 
cylinder,  no  transfer  of  heat  would  take  place  between  the  steam 
and  the  metal,  and  therefore  there  would  be  no  initial  condensation 
of  the  steam. 

But  in  practice  the  temperature  of  the  walls  is  always  lower  than 
that  of  the  entering  steam,  the  walls  being  cooled  during  expansion 
and  during  exhaust,  by  having  been  in  contact  with  the  comparatively 
cool  steam  of  reduced  pressure  at  these  periods.  Consequently, 
during  admission  of  steam  at  the  beginning  of  the  stroke,  condensa- 
tion takes  place,  till  the  walls  are  heated  up  to  a  temperature 
approaching  that  of  the  initial  steam.  Hence  the  weight  of  steam 
admitted  to  the  cylinder  per  stroke,  up  to  point  of  cut-off,  is  greater 
than  that  present  in  the  cylinder  as  steam,  by  the  amount  condensed 
during  admission  in  the  process  of  warming  up  the  cylinder  walls. 

Condensation,  then,  up  to  point  of  cut-off  is  due  to  the  heat  lost  in 
warming  up  the  metallic  walls  with  which  the  steam  comes  in  contact 
in  the  cylinder. 

In  addition  to  this,  as  already  explained  in  the  chapter  on  tempera- 
ture-entropy diagrams,  there  is  the  condensation  which  takes  place 
after  cut-off  due  to  the  work  done  during  expansion  at  the  expense 
of  the  internal  energy  of  the  steam. 

Considering  the  amount  of  steam  condensed  in  the  cylinder,  it 
would  seem,  at  first  sight,  that  the  cylinder  must  gradually  become 
choked  with  water.  Such  is  more  or  less  the  case  when  the  engine  is 
started,  and  before  the  cylinders  have  been  properly  heated  up,  and  to 
get  rid  of  this  water,  relief-cocks  are  fitted  at  each  end  of  the  cylinder, 
which  are  always  opened  when  the  engine  is  started,  so  as  to  blow 
through  and  relieve  the  cylinder  of  the  water  deposited. 

As  the  temperature  of  the  cylinder  walls  gradually  increases,  less 
water  is  deposited.  If  the  relief-cocks  are  now  shut,  more  or  less  con- 
densation will  still  continue,  but  the  water  deposited  is  usually  removed 
from  the  cylinder  by  re-evaporation. 

Re-evaporation. — During  the  stroke  of  the  piston,  as  soon  as  cut-off 
takes  place,  the  pressure  of  the  steam  gradually  falls,  and  the  water 
present,  owing  to  the  removal  of  the  pressure  upon  it,  begins  to  re- 
evaporate  as  soon  as  the  pressure  of  the  steam  falls  below  that 
corresponding  with  the  temperature  of  the  water  in  the  cylinder. 
This  point  generally  occurs  soon  after  cut-off,  and  the  re-evaporation 
continues  as  the  expansion  continues,  the  weight  of  steam  present, 
as  steam,  gradually  increasing  towards  the  end  of  the  stroke.  When 
the  exhaust  port  opens,  the  pressure  is,  more  or  less  suddenly,  still 
further  reduced  and  the  rate  of  re-evaporation  accelerated,  and  during 
the  exhaust  stroke  the  water  of  initial  condensation  more  or  less 
completely  disappears  as  dry  steam. 
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The  heat  required  for  re-evaporation  is  obtained  partly  from  the 
heat  in  the  water  itself,  but  chiefly  at  the  expense  of  the  heat  in  the 
cylinder  walls;  hence  the  greater  the  re-evaporation  the  more  heat 
flows  from  the  walls,  and  the  more  heat  must  be  given  up  to  the  walls 
on  the  succeeding  stroke  by  the  steam  during  admission. 

The  heat  given  up  by  the  steam  to  the  walls  is  practically  lost 
(except  for  the  small  amount  of  work  done  by  re-evaporated  steam), 
because  this  heat,  which  is  again  returned  by  the  walls,  is  given  up 
during  exhaust,  and  thus  increases  the  already  large  exhaust  waste. 

Mean  Temperature  of  Cylinder  Walls. — From  the  experiments  of 
Messrs.  Bryan  Donkin,  Callendar,  and  Nicolson,  it  has  been  shown 
that  the  cylinder  walls  may  be  divided  into  two  parts,  namely,  the 
outer  portion,  where  the  temperature  is  constant ;  and  the  inner  or 
"  periodic  "  portion,  where  the  temperature  fluctuates  with  the  tempera- 
ture of  the  steam  in  contact  with  it. 

The  depth  of  the  periodic  portion  is  usually  very  small,  and  the 
less  so  as  the  time  of  interaction  is  less  between  the  steam  and  the 
cylinder  walls. 

In  all  cases  economy  results  from  raising  the  mean  temperature  of 
the  walls  nearer  to  that  of  the  initial  steam  in  the  cylinder.  The 
mean  temperature  of  the  walls  is  raised  as  the  weight  of  steam  passing 
through  the  engine  per  minute  is  increased,  and  the  condensation  is 
thus  reduced  per  pound  of  steam  supplied. 

Conversely  all  causes  tending  to  reduce  the  mean  temperature  of 
the  cylinder  walls  tend  also  to  increased  cylinder  condensation,  and 
therefore  to  increased  consumption  of  steam  per  I.H.P.  per  hour. 

-  .   j        t  thermal    units    absorbed  —  (specific   heat 

W  eight  of  metal  heated  =  '{        f  .  ,?  A 

}      of  iron  x  degrees  rise  of  temperature) 

Range  of  Temperature.— The  range  of  temperature  of  the  steam  in 
the  cylinder  is  the  difference  (^  —  ts),  where  ^  is  the  temperature 
during  admission,  and  t3  the  temperature  of  exhaust.  The  range  of 
temperature  is  thus  independent  of  the  point  of  cut-off. 

But  cylinder  condensation  depends,  not  directly  on  the  range  of 
temperature  of  the  steam,  but  on  the  mean  temperature  of  the 
internal  portion  of  the  cylinder  walls,  and  the  following  relations 
should  be  noted  between  range  of  temperature  of  the  steam  and  mean 
temperature  of  the  walls  : — 

(1)  For  a  given  constant  range  of  temperature  of  the  steam  in  a 
cylinder,  the  mean  temperature  of  the  walls  increases  as  the  point  of 
cut-off  is  later ;  hence  the  mean  temperature,  and  also  the  amount  of 
cylinder   condensation,    may  vary  considerably  with  the   same    range 
of  temperature. 

(2)  The  mean  temperature  of  the  walls  may  remain  constant  for  any 
number  of  different  ranges  of  temperature  above  and  below  the  mean ; 
hence  the  amount  of  cylinder  condensation  may  vary  considerably  with 
the  same  mean  temperature,  being  greater  as  the  difference  between 
the  initial  temperature  of  the  steam  and  the  mean  temperature  of  tho 
walls  is  greater,  and  vice  versa. 

l 
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Wet  Steam  supplied  to  Cylinder.—  Experiment  has  shown  that 
steam  admitted  to  the  cylinder  initially  wet  tends  still  further  to 
increase  initial  condensation,  at  least  up  to  a  certain  limit,  and, 
conversely,  the  drier  the  steam  the  smaller  the  heat  interaction 
between  the  steam  and  the  cylinder  walls.  Hence  the  importance 
of  draining  steam-pipes  and  valve  chest,  as  already  pointed  out. 

Water  entering  the  cylinder  with  the  steam  tends  to  become 
partially  evaporated  in  passing  through  the  cylinder,  because  the 
sensible  heat  contained  in  the  water  on  entering  the  cylinder  is 
greater  than  will  be  retained  by  it  on  leaving,  hence  a  portion  of  the 
original  water  is  evaporated  by  the  heat  liberated  at  the  lower 
pressure. 

4.  Condensation  due  to  Work  done  during1  Expansion.  —  In  addition 
to  initial  condensation  due  to  interchange  of  heat  between  the  steam 
and  the  cylinder  walls,  there  is,  during  expansion  in  the  cylinder,  an 
internal  or  molecular  liquefaction  due  to  work  performed  at  the 
expense  of  the  internal  energy  of  the  steam  ;  therefore  the  greater 
the  expansion  the  wetter  the  steam  becomes.  The  extent  of  the 
condensation  due  to  work  done  has  been  already  explained  under 
temperature-entropy  diagrams  (p.  44),  and  on  unjacketed  cylinders 
the  causes  tending  to  wetness  of  exhaust  exceed  those  tending  to 
dryness. 

Speaking  generally,  the  amount  of  initial  condensation  depends  — 

(1)  Upon   the    difference    between   the    initial   temperature  of  the 
steam  entering  the  cylinder  and  the  mean  temperature  of  the  cylinder 
walls,  condensation  being  less  as  the  mean    temperature  of  the  walls 
approaches  the  temperature  of  the  initial  steam. 

(2)  Upon  the  point  of  cut-off  in  the  cylinder  ;  the  mean  temperature 
of  the  cylinder  walls  is  higher,   and  therefore  the  Condensation  is  less, 
as  the  cut-off  is  later—  that     is,  as  the    greater  weight  of  steam  is 
passed  through  the  cylinder  per  stroke,  other  things  being  equal. 

(3)  Upon  the  time  of    contact  of  the  steam  with  the  cylinder  walls, 
condensation  being  less  as    the  rate  of  revolution  (N)-  increases,  other 
things  being  equal. 

(4)  Upon  the  extent  of  cylinder  surface  exposed  to  the  steam  when 
the  piston  is  at   the  beginning  of  the  stroke,  condensation  being  less 
as  the  area  of  metallic  surface   taking  part  in  the  heat  interchange 
is  less. 

The  measure  of  initial  condensation  in  the  cylinder  has  been 
expressed  by  Escher  thus  : 


where  0  =  initial  condensation  in  B.T.U.  per  pound  of  steam  ;  W  = 
weight  of  feed-  water  in  pounds  per  stroke;  s  =  exposed  surface  of 
the&metal  at  beginning  of  stroke  ;  Tx  =  initial  temperature  of  steam  ; 
Tm  =  mean  temperature  of  cylinder  walls  (absolute  scale);  p  -  the 
density  of  the  entering  steam  ;  N  =  revolutions  per  minute  ;  A  is  a 
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constant,  which  is  given  as  80  for  unjacketed  cylinders,  and  56  for 
jacketed  cylinders.  '  This  constant  will  vary  with  varying  types  of 
engines. 

To  find  the  Weight  of  Steam  accounted  for  by  the  Indicator 
Diagram. — To  find  the  weight  of  steam  in  a  cylinder  per  stroke  from 
the  indicator  diagram,  it  is  necessary  to  know  the  volume  occupied 
by  the  'steam  present  in  the  cylinder 
at  the  point  of  the  stroke  chosen  for 
measurement,  and  the  pressure  of 
steam  at  that  point ;  then,  knowing 
from  the  Steam  Tables  the  weight 
per  cubic  foot  of  steam  at  the  given 
pressure,  the  weight  required  can 
be  at  once  determined. 

The  points  from  which  measure- 
ments are  taken  must  be  chosen 
from  that  portion  of  the  diagram 
where  the  slide-valve  covers  the 
ports,  and  where  the  steam  is  completely  enclosed  within  the  cylinder, 
and  its  volume  definitely  known.  In  other  words,  the  points  must 
be  chosen  on  the  expansion  curve  after  cut-off  and  before  release, 
or  on  the  compression  curve  after  exhaust  closure  and  before  opening 
of  the  port  for  readmission. 

Thus,  referring  to  Fig.  .130,  OA  =  clearance  volume,  AV  =  piston 
displacement,  wb  —  weight  of  1  cub.  ft.  of  steam  at  pressure  b.  All 
volumes  are  expressed  in  cubic  feet.  Then — 

(1)  Weight  of  dry  steam  at  b. 

=  !  f  piston  displacement  x  ~ry  )  +  clearance  volume  f  wb 

(2)  Weight  of  dry  stes^m  at  c 

=  I   f  piston  displacement  x  ^y  )  +  clearance  volume  j  wc 

(3)  Weight  of  dry  steam  at  d 

=  I  f  piston  displacement  x  Ty  )  +  clearance  volume  j 

In  the  same  way,  the  weight  of  steam  may  be  determined  for  any 
other  point  on  the  expansion  curve. 

To  find  the  Dry  Steam  Fraction  at  Cut-off. — The  indicator  diagram 
accounts  for  all  the  steam  present  in  the  cylinder  as  steam,  but  it 
gives  no  clue  as  to  the  amount  of  water  present  in  the  cylinder  at 
the  same  time,  or  as  to  the  extent  of  the  loss  by  leakage,  unless  we 
have  first  some  independent  means  of  determining  the  weight  of 
steam  supplied  to  the  engine,  as  by  weighing  the  feed- water,  for 
^example,  or  by  other  methods  to  be  afterwards  described.  Then,  to 
find  the  dry  steam  fraction  the  facts  required  are  as  follows  : — 

(1)  Total  weight  of  feed- water  per  hour -J- number  of  strokes  per 
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hour  =  actual  weight  of   working  fluid   passing  through  cylinder  per 
stroke,  called  "  cylinder-feed." 

(2)  Weight  of   steam    per    stroke    (assumed    dry)  retained    in   the 
cylinder    as    clearance  steam   is    determined    from   compression   curve 
at   b,    the   point    b   being   chosen  as  near  as   possible   to   the   actual 
exhaust  closure  (Fig.  130). 

(3)  Total  weight  of  steam  in  cylinder  per  stroke  after  cut-off  and 
during  expansion  =  cylinder-feed  -j-  clearance  steam. 

(4)  Weight  of  dry  steam  at  cut-off  (determined  from  the  indicator 
diagram  by  measurement,  as  already  explained). 

(5)  Dry    steam    fraction    at    cut-off  =  (dry    steam   measured   from 
indicator  diagram)  -^-  (cylinder-feed  -f  clearance  steam). 

In  the  same  way  the  dry  steam  fraction  may  be  determined  by 
measurement  for  any  other  portion  of  the  expansion  curve  up  to 
point  of  release.  These  results  may  be  shown  graphically  by  the 
following  method  : — 

To  apply  the  Saturation  Curve  to  an  Indicator  Diagram.— This 
curve  represents  the  curve  of  expansion  which  would  be  obtained  if 
the  whole  of  the  steam  and  water  passing  through  the  engine  per 
stroke  were  present  in  the  cylinder  as  dry  saturated  steam.  It  also 
supposes  no  condensation  during  expansion.  This  is  the  ideal  curve 
which  is  aimed  at  when  the  steam  jacket  is  used. 

To  draw  the  curve,  set  off,  as  before  explained,  the  clearance  line 
and  the  zero  line  of  pressure,  and  draw  a  horizontal  line  through  any 
point  c  (Fig.  131)  on  the  expansion  curve  of  the  diagram  at  cut-off 

or  beyond  it ;  then  ad  is  the  clearance 
volume,  db  is  the  volume  of  the  known 
weight  of  steam  in  the  cylinder  during 
expansion,  supposing  it  all  present  as 
dry  saturated  steam  at  pressure  e,  and 
including  the  weight  of  steam  enclosed 
during  compression,  and  the  weight  of 
steam  passing  through  the  cylinder  per 
stroke.  Also  ac  -4-  db  is  the  dry  steam 
fraction  at  c.  The  steam  in  the  clear- 
ance space  at  beginning  of  compression 
is  assumed  to  be  dry  saturated  steam. 

The  dry  steam  fraction  curve  below 
the  indicator  diagram  (Fig.  131)  is  con- 
structed for  all  points  of  the  expansion  curve  from  cut-off  to  release 
by  setting  up  from  a  horizontal  line  to  any  scale  the  ratio  a'c'4- 
a'b'  =  ac  -r  db.  The  fraction  cb  -f-  db  represents  the  loss  by  conden- 
sation and  by  leakage. 

Application  of  the  Indicator  Diagram  to  the  Temperature-Entropy 
Chart.1 — The  temperature-entropy  chart  is  illustrated  on  Plate  I.,  and 
consists,  as  already  explained,  of  that  portion  of  the  temperature- 
entropy  diagram  enclosed  between  the  "  water-line "  and  the  "  dry- 
steam  line,"  on  the  left  and  right  respectively,  the  horizontals 
1  See  also  Boulvin's  method,  p.  304. 
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intersecting  these  lines  being  lines  of  temperature.  The  portion  of  the 
chart  used  will  depend,  of  course,  upon  the  range  of  temperature 
between  which  the  particular  engine  works. 

The  object  of  placing  the  indicator  diagram  upon  the  chart  is  to 
represent  by  an  area  the  heat-units  converted  into  work  per  pound  of 
steam  expanding  in  the  cylinder,  independently  of  all  considerations 
as  to  size  or  power  of  the  engine,  and  to  show  what  the  extent  of  the 
losses  are  as  compared  with  a  perfect  engine  working  between  the 
same  limits  of  temperature. 

The  temperature-entropy  diagram  drawn  upon  the  chart  differs 
from  the  indicator  diagram  in  giving,  not  the  work  done  per  stroke  in 
foot-pounds,  but  the  work  done  per  pound  of  steam  in  thermal  units. 

It  is  necessary  first  to  know  the  weight  of  steam  passing  through 
the  engine  per  stroke,  and  the  weight  of  steam  enclosed  in  the 
clearance  space.  Then  the  saturation  curve  can  be  applied  to  the 
indicator  diagram,  as  explained  on  p  .  116. 

If  it  is  required  only  to  compare  the  actual  expansion  line  of  the 
indicator  diagram  with  the  adiabatic  or  saturated-steam  lines  of 
the  temperature-entropy  diagram,  then  the  method  is  similar  to  that 
shown  in  Fig.  131,  the  value  of  ac  4-  ab  being  determined  for  a 
number  of  points  between  cut-off  and  release.  Then,  knowing  the 
pressure  and  dry  steam  fraction  for  each  point  taken  on  the  indicator 
diagram,  corresponding  points,  a'c'  -f-  a'6',  on  the  same  pressure  lines 
may  be  located  at  once  upon  the  temperature-entropy  chart  (Fig.  133). 
For  this  purpose  no  constant-  volume  lines  are  required  to  be  used  ;  but 
when  it  is  required  to  transfer  points  other  than  those  on  the  expan- 
sion curve,  it  is  necessary  to  find  the  diagram  factor  of  the  indicator 
diagram. 

If  the  steam  expanding  in  the  cylinder,  including  the  steam 
enclosed  at  compression,  weighs  exactly  1  lb.,  the  diagram  factor 
will  be  1.  If  the  actual  weight  expanding  is  either  more  or  less 
than  1  lb.,  it  is  necessary  to  find  the  factor  by  which  the  actual  weight 
of  steam  must  be  multiplied,  so  that  actual  weight  x  diagram  factor 

==  •*•  ; 

or  diagram  factor  = 


The  diagram  factor  is  used  in  order  to  express  the  changes  of  the 
indicator  diagram  on  the  chart  in  terms  of  1  lb.  of  steam. 

If,  now,  any  point  d  (Fig.  132)  on  the  indicator-diagram  be  taken, 
and  the  volume  of  the  steam  in  the  cylinder  corresponding  with  that 
point  be  determined,  this  volume  multiplied  by  the  diagram  factor 
gives  the  position  of  the  point  d  as  to  volume  on  the  chart  (Fig. 
133),  and,  its  pressure  being  known,  its  position  is  completely 
determined. 

EXAMPLE.  —  In.  Fig.  132  take  any  point  c;then  c'  can  be  imme- 
diately found  on  Fig.  133  by  finding  the  line  of  pressure  on  the  chart 
corresponding  with  the  pressure  of  c  on  the  indicator-diagram,  and 
making  the  ratio  a'c  -J-  a'6'  =  ac  -f-  ab. 
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To  find  any  other  point,  as  d',  not  on  the  expansion  line,  find  the 
actual  volume  of  the  steam  in  the  cylinder  at  d,   and   multiply  this 
volume  by  the  diagram  factor.     This  gives 
the  constant-volume  line  on  which  d  will 
be   found,    and,   the  pressure    of   d   being 
known,    the    position    of  d'   is    completely 
determined.       Any  other    points   may    be 
similarly  found.     A  free  curve    is    drawn 
through  the  points  thus  found. 

In  the  example  chosen,  the  mean-ad- 
mission line  up  to  cut-off  has  been  sub- 
stituted for  the  actual  line.  The  mean- 
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FIG.  132. 
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PRESSURE  AT  STOP-VALVE 


admission  line  and  the  back-pressure  line  are  both  taken  back  to  the 

water-line,  and  the  compress-ion  curve  is  neglected. 

If  there  were    no  losses    whatever   in   steam-engine    cylinders,    the 

diagrams  of  work  done  per  pound  of  steam  would  fill  the  whole  area 

between  the  water-line  on  the  left  and  the  vertical  adiabatic  line  on 
the  right  (Fig.  134),  and  between  the  upper 
horizontal  line  representing  the  pressure  of 
steam  at  the  engine  stop-valve,  and  the  lower 
horizontal  line  representing  the  pressure  in 
the  exhaust  pipe.  The  object  is  to  fill  up 


>i  i?  as  much  as  possible  of  the  available  area  on 
%  the  chart. 

It  will  be  seen  that  (neglecting  the  effects 
of  compression)  there  are  four  conditions 
which  determine  the  gain  or  loss  in  the 
thermal  efficiency  of  the  steam  expanding  in 
the  cylinder. 

(1)  The  nearness  of  the  mean-admission 
pressure  line  db  to  that  of  the  source  from 
which  the  steam  is  supplied. 

(2)  The  proportion  of  dry  steam  present  in  the  cylinder ;  in  other 
words,    the  extent  to    which  the  dry-steam    fraction    line   be  of   the 
actual  engine  diagram,  shown  shaded,  approaches  the  dry-steam  line 
of  the  chart,  enlarging  or  otherwise  the  area  of  the  shaded  diagram 
between  the  water-line  and  the  dry -steam  line. 

(3)  The  number  of  expansions  of  the  steam,  or  the  extent  to  which 
the  pressure  at  end  of  expansion  approaches  the  back  pressure.     Thus 
(Fig.  134)  the  line  cd  represents  fall  of  pressure  during  release,   the 
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fall  taking  place  at  nearly  constant  volume,  and  following  very  nearly 
a  constant-volume  line  of  the  chart. 

When  the  terminal  pressure  of  expansion  is  carried  down  to  back 
pressure,  the  expansion  line  be  extends  to  /;  but  as  the  difference  of 
pressure  between  that  at  the  end  of  the  expansion  and  the  back  pres- 
sure becomes  greater,  the  further  the  release-corner  line  cd  recedes  from 
the  point  /,  the  blunter  the  corner  becomes,  and  the  greater  the  loss 
of  area  due  to  incomplete  expansion.  When  the  steam  is  admitted  to 
the  end  of  the  stroke,  and  the  engine  is  worked  without  expansion, 
the  line  cd  recedes  to  the  position  shown  by  the  dotted  line  6w,  where 
bm  is  also  a  line  of  constant  volume. 

(4)  The  nearness  of  the  back-pressure  line  to  that  representing 
the  pressure  in  the  exhaust  pipe. 

Relative  Effects  of  Cylinder  Condensation  and  Number  of  Expan- 
sions of  Steam  in  a  Single  Cylinder. — If  the  indicator  diagram  from 
an  engine  with  an  early  cut-off  be  drawn  upon  the  temperature- 
entropy  chart,  the  diagram  will  have  some 
form  similar  to  that  shown  by  the  shaded 
area.  If,  now,  the  indicator  diagram  for  a 
later  cut-off  be  transferred,  it  will  have 
some  position  extending  further  towards 
the  right  to  the  dry-steam  line,  as  shown 
by  the  unshaded  portion ;  and  showing  a 
larger  dry  steam  fraction,  and  a  gain  of 
work  done  per  pound  of  steam  by  increased 
dryness  of  the  steam.  But  with  the  earlier 
cut-off  there  was  a  gain  of  area  by  increased 
expansion,  and  these  two  areas — one  due  to 
increased  dryness,  and  the  other  due  to 
increased  expansion — tend  to  neutralize  each  ?OQ! 
other.  For  a  limited  number  of  expansions, 
the  gain  by  increased  expansion  is  the  larger  FIG.  135. 

gain,  but  beyond   this  the  gain  may  become 

negative  owing  to  loss  by  condensation. 
The  best  number  of  expansions  in  any 
cylinder  is  that  which  gives  the  largest 
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work  area  per  pound  of  steam  passing  through  the  engine. 

Usually,    from    three    to   five    expansions   in    one   cylinder    give 
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maximum  work  area  ;  but  the  best  number  of  expansions,  considered 
from  this  point  of  view,  varies  with  different  types  of  engines,  and 
can  only  be  determined  by  experiment. 

To  draw  the  Adiabatic  Curve  on  the  pv  Diagram  from  the  Temperature- 
entropy  Chart. — From,  the  point  O  (Fig.  13  6)  draw  rectangular  axes  OPX 
and  OV  to  any  convenient  scales.  At  P1}  P2,  P3,  etc.,  draw  horizontal 
lines  Pjd,  P26,  etc.,  representing  to  scale  the  volumes — taken  from  the 
Steam  Tables — of  1  Ib.  of  saturated  steam  at  absolute  pressures  P15  Pg, 
etc.,  and  join  the  points  a,  c,  b  by  a  free  curve.  Then  acb  represents 
the  curve  of  volumes  for  1  Ib.  of  saturated  steam  without  condensation. 
Divide  the  line  P3c  at  e,  so  that  P3e  -^  P3c  =  T^  -f-  T^  on  the  tempera- 
ture-entropy chart  (Fig.  137),  and  so  on  for  any  number  of  divisions. 
Then,  by  joining  the  points  so  found,  we  obtain  the  dotted  line  aed  on 
the  pa  diagram  (Fig.  136),  which  is  the  adiabatic  curve  required. 
Hirn's  Analysis. — This  is  a  method  of  analyzing  the  action  of  the 

steam  passing  through  the 
cylinder,  and  showing  by 
areas  the  quantities  of  heat 
interchanged  between  the 
steam  and  cylinder  walls. 
This  method,  first  employed 
by  Hirn,  has  been  developed 
graphically  by  Prof.  Dwel- 
shauvers  Dery,  of  Liege.1 

The  portions  of  the  stroke 
are  indicated  by  subscript 
letters  corresponding  with 

F      13g  those    on   the   diagram    (Fig. 

138);    thus  a   for  admission, 
5  for  expansion,  c  for  exhaust,  d  for  compression.     Then — 

Vrt  =  volume  in  cubic  feet  described  by  piston  during  admission. 

V6  =  „  „  „  „  expansion. 

Vc  =  „  „  „  „  exhaust. 

Vd  =  „  „  „  „  compression. 

V0  =  volume  in  cubic  feet  of  clearance  space. 

V   =  whole  volume  displaced  by  piston. 

Work  done  in  Thermal  Units. — The  work  done  in  thermal  units  by 
the  steam  during  the  several  portions  of  the  stroke  is  represented  by 
T  with  its  appropriate  subscript,  thus  : 

Ta  =  work  done  during  admission  =  area  ep'mlce  in  thermal  units. 
T6  =         „  „       expansion  =     „     IcmnsJc        „  „ 

Tc  =         „  „       exhaust     =     „     hgpsh          „  „ 

Td  =          ,,  „  compression  =      „    efghe 

Ta  -f  T6  =  absolute  work  done  by  steam  =  area  ep'mnse. 

(Trt  +  T6)  -  (Tc  +Td)  =  net  area  of  indicator  diagram. 

Heat  exchanged. — The  quantities  of  heat  in  thermal  units  exchanged 
1  Proc.  Inst.  C.  £.,  vol.  xcviii.  p.  254. 
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between  the  steam  and  the  metal  are  represented  by  areas  Rrt,  R6,  etc., 
the  areas  being  drawn  to  the  same  scale  as  the  work  diagram. 

Ra  =  heat  exchanged  between  metal  and  steam  during  admission. 

R6  =  „  „  „  ,,  expansion. 

Rc  =  „  „  „  „  exhaust. 

Rd  =  „  ,,  ,,  „  compression. 

E   =  heat  lost  by  external  radiation. 

Q   =  the  quantity  of  heat  supplied   to  cylinder  per  stroke  by  ad- 
mission steam. 

Q'  =  the  quantity  of  heat  supplied  from  the  jacket. 

Q  4.  Q'  =  total  heat  supplied. 

Weight  of  Steam. — Let  the  weight  of  wet  steam  admitted  to  the 
cylinder  per  stroke  =  M  Ibs.,  of  which  MX  is  the  weight  of  dry  steam,  and 
M(l  —  x)  is  the  weight  of  water  present  in  the  steam.  Then,  neglecting 
the  effects  of  leakage,  the  actual  condition  of  the  steam  at  any  point  in 
the  expansion  curve  is  known,  since  the  actual  weight  of  steam  passing 
through  the  cylinder  per  stroke  is  known  by  a  test  of  the  engine. 

Let  also  the  weight  of  steam  retained  in  the  clearance  space  each 
stroke  =  M^.  The  actual  weight  of  this  steam  may  be  measured, 
knowing  the  pressure  g  at  beginning  of  compression,  and  assuming 
the  steam  dry  at  this  point. 

Quantity  of  Heat. — The  heat  Q  required  to  raise  M  Ibs.  of  water 
from  32°  Fahr.  to  its  temperature  of  admission,  and  to  evaporate  the 
portion  Ma?,  is — 

Q  =  M(7i  +  .TL) 

For  superheated  steam  heated  from  normal  temperature  t,,  of 
saturated  steam  to  temperature  tt — 

Q  =  M{/t  -f  L  4-  0'48(<,  -  t,,)} 

Internal  Heat  of  Steam. — The  internal  heat  of  the  steam  in  the  clear- 
ance space  at  commencement  of  compression,  assuming  the  steam  dry — 

=  MX*,  +  P.) 

where  M^,  hfft  and  pg  represent  weight,  sensible  heat,  and  internal 
heat  respectively  of  steam  at  pressure  and  volume  at  point  g  on  the 
diagram  (Fig.  138). 

The  internal  heat  at  cut-off  =  (M  +  &!„)(&,„  +  xmPJ 
where  xm  =  dry  steam  fraction  at  point  m  on  the  diagram  (Fig.  138). 
The  internal  heat  at  end  of  expansion  =  (M  +  Mfl)(fe(l  4-  #„/>„) 

And  similarly  for  the  several  parts  of  the  cycle. 

Thermal  Units  interchanged  between  the  Steam  and  the  Metal  enclosing 
the  Steam  in  the  Cylinder.  — I.  To  find  the  heat  Rrt  exchanged  during 
admission.  The  heat  supplied  is  Q  ;  the  heat  in  the  cylinder  at 
admission  is  M,(^/  4-  x^pj)  •  the  work  done  is  Tft  ;  and  the  heat  re- 
maining in  the  steam  at  cut-off  is  (M  4-  M^)(AW  4-  &',»/>,«)•  Then — 

Q  4-  MX/v  +  **>,)  =  Ttt  4-  R«  +  (M  +  M,)(X  +  x^pj      (1 ) 
from  which  Rrt  may  be  obtained. 
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If  the  steam  is  superheated  at  cut-off,  this  equation  will  be  modi- 
fied by  corrected  values  for  the  heat  supplied,  and  the  heat  contained 
in  the  steam  at  cut-off,  as  explained  above,  and  in  the  chapter  on 
superheating.  The  temperature  of  superheated  steam  at  cut-off 
may  be  determined  by  its  increased  volume  over  that  of  the  same 
weight  of  saturated  steam  at  the  same  pressure,  it  being  assumed 
that  superheated  steam  behaves  as  a  gas,  and  that  its  increase  of  abso- 
lute temperature  is  proportional  to  its  increase  of  volume. 

2.  To  find  R6,  the   heat  exchanged   during    expansion.      The  heat 
in  the  steam  at  the  end  of  expansion  is  (M  +  ^)(^n  +  ®npn)  ',  the 
external  work  is  T6;  the  heat  present    at  beginning  of   expansion  is 
(M  +  M,)(fcm  +  aw>»)  ;  then— 

(M  +  M,)(Am  +  xmPm)  =  T6  +  E6  +  (M  +  M^ft,  +  x^)   (2) 
from  which  R6  may  be  obtained. 

3.  To   find  Ec,    the   heat   rejected    by    the    cylinder    walls    to   the 
steam    during   exhaust.     The  heat  in    the  steam  at  the   end    of   ex- 
pansion  is    (M  +  M.g)(hn  +  a^prt) ;    the     work    done   upon    the    steam 
during  exhaust   is  Tc ;  the  heat  in  the    steam   at  beginning  of  com- 
pression, assuming  the  steam  of  compression  dry,  is  ~M.g(Jis  +  xgPg)* 

The  heat  rejected  to  condenser  in  exhaust  steam  is  measured  by 
a  test  of  the  engine,  and  by  actually  weighing  the  steam  condensed 
in  a  surface  condenser  in  a  given  time,  and  then  dividing  the  amount 
weighed  by  the  number  of  strokes  made  by  the  engine  in  that  time. 
This  gives  the  weight  of  steam  (  M)  exhausted  per  stroke.  Then  M 
Ibs.  of  steam  become  water  at  temperature  t.  The  heat  in  this 
condensed  steam  is  now  M^.  The  heat  carried  away  by  the  con- 
densing water  equals  the  weight  of  condensing  water  (W)  per  stroke 
multiplied  by  its  increase  of  temperature  in  passing  through  the 
condenser  =  W(tL  -  t.2).  Then— 

(M-fM.X^+^pJ-fT^^+M^  +  WC^-Q+M^+^p,)    (3) 
from  which  Rc  may  be  obtained. 

4.  To  find  the  heat,  Rrf,  exchanged  between  the  walls  and  the  steam 
during  compression. 

The  internal  heat  in  the  steam  at  beginning  of  compression  is 
M^A^  +  Kgpg)-  Then  work  is  done  upon  it  =  Td  during  compression ; 
and  the  internal  heat  of  the  steam  at  end  of  compression  is  M^fty  + 
Xrpf) ;  then— 

M,(A,  +  ^)  +  Td  =  M/fc/+^/)  +  R,  .     .     .     (4) 
from  which  Rrf  may  be  obtained. 

Graphic  Representation  of  the  Quantities  of  Heat  exchanged.  Scale  of 
the  Diagram. — The  quantities  of  heat  employed  in  the  performance 
of  work  may  be  measured  directly  from  the  indicator  diagram. 

The  volume  described  by  the  piston  is  represented  by  the  length 
of  the  indicator  diagram.  From  this  a  scale  of  cubic  feet  of  piston 
displacement  may  be  made  upon  the  diagram. 

The  vertical  scale  of  pressures  on  the  indicator  diagram  represents 
pressures  per  square  inch ;  but  it  may  be  converted  into  a  scale  of 
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pressure  in  pounds  per  square  foot  by  multiplying  the  scale  by  144, 
or  by  dividing  the  unit  of  the  inch-pressure  scale  by  144  to  represent 
a  pressure  of  1  Ib.  per  square  foot.  Then  an  area  having  P,  or  the 
unit  of  pressure  per  square  foot  for  height,  and  V,  or  the  unit  of 
volume  in  cubic  feet  for  length,  =  1  foot-lb.  of  work.  This  area 
multiplied  by  778  represents  a  thermal  unit  on  the  diagram,  and  is 
the  unit  chosen  for  representing  also  the  heat-exchanges.  During 
admission,  if  Ptt  is  the  pressure  per  square  foot,  and  Va  the  volume 
displaced  by  the  piston  up  to  point  of  cut-off  =  os  (Fig.  139),  then 


work  done  =  PftVft  foot-lbs.  = 


778 
P  = 


thermal  units  =  Tft.     Hence — 

778T(l 


The  area  P«Va,  measured  from  the  zero  lines  of  pressure  and  volume, 
represents  to  the  scale  of  the  diagram  the  heat  expended  in  the 
cylinder  in  doing  the  work  of  admission  =  area  oefs. 

Seat-exchange  Areas. — Having  obtained  Rrt  by  equation  (1),  a  rect- 
angle is  drawn  on  the  same  base  Va  =  os,  and  at  height  ra  =  oe,  so  that — 

778R, 

/•-  v. 

Then  the  rectangle  at  a  height  ra  above  os  represents,  to  the  same 
scale  as  the  indicator  diagram  of  work,  the  heat  given  by  the  steam 
to  the  cylinder  walls. 

Similarly  for  the  other  parts  of  the  stroke,   the   rectangles  can  be 
drawn  representing  R6,  Rc,  and  Rri  respectively : 


778R6 


_778RC 


778R 


These    rectangles    represent   the   mean   result   of    the   heat-exchanges 
during  the  several  portions  of  the  stroke. 

Distinction  between  Positive  and  Negative  Quantities  of  Heat. — 
In  the  forward  stroke  during  admission,  the  heat  transferred  from 
steam  to  metal  is  considered  positive, 
and  the  rectangle  Ra  representing  the  e 
heat  quantity  is  drawn  above  the 
zero  line  on  the  base  os  (Fig.  139). 
For  the  heat-exchange  during  the  ex- 
pansion part  of  the  stroke,  the  heat 
passes  conversely  from  the  metal  to 
the  steam  ;  the  interchange  is  con- 
sidered negative,  and  the  rectangle 
R6  is  drawn  below  the  zero  line  on  the 
base  st  down  to  rb. 

For  the  backward  stroke,  the  op- 
posite positions  are  adopted  for  the 
positions  of  the  rectangles,  namely, 
above  the  zero  line  for  negative  ex- 
change— that  is,  from  metal  to  steam  ;  and  below  the  zero  line 
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FIG.  139. 
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for  positive  exchange — that  is,  from  steam  to  metal.  Hence  the 
exhaust  rectangle  Rc  is  drawn  above  the  zero  line  on  the  base  mt, 
and  the  compression  rectangle  Rd  is  drawn  below  the  zero  line  on 
the  base  om.  The  positive  and  negative  quantities  are  further 
distinguished  by  the  direction  of  the  cross-hatching  on  the  rectangles. 
The  sum  of  the  rectangles  Ra  -f  Rd  —  R6  =  Ry  =  the  net  heat-ex- 
change while  the  steam  is  enclosed  in  the  cylinder  ;  and  rectangle 
By-  =  area  oknt  may  be  constructed  on  the  base  ot.  The  area  Rr  = 
rectangle  Rc,  the  heat  rejected  to  exhaust,  if  there  were  no  loss  by 
external  radiation,  E ;  but  since  there  is  always  some  loss  E  in 
practice,  then — 

Ra  -  Rb  +  R,  =  Rc  +  E 

from  which  E  may  be  obtained.  In  Fig.  139  the  difference  between 
the  areas  of  the  rectangles  oknt  and  the  rectangle  Rc,  expressed  as 
thermal  units,  represents  the  loss  E. 

If  the  cylinder  is  steam-jacketed,  the  water  of  condensation  from 
the  jacket  is  weighed  separately,  and  the  weight  of  water  collected 
from  the  jacket  per  hour  divided  by  the  number  of  strokes  of  the 
engine  per  hour  gives  the  weight  (M,.)  of  steam  condensed  in  the 
jacket  per  stroke.  Then  the  heat-unit's  (Q')  per  stroke  given  up  by 
the  jacket — 

Q'  =  M,.  x  L 

where  L  =  the  latent  heat  of  steam  at  the  pressure  in  the  jacket. 

If  Rc  =  heat  rejected  to  condenser  during  exhaust,  T  =  work  done 
by  steam,  then — 

Q+Q'  =  T  +  BC  +  E 

or,  in  words,  the  total  heat  supplied,  including  the  jacket  heat,  is 
equal  to  the  heat  expended  011  work  done,  plus  the  heat  rejected  to 
condenser,  plus  the  heat  lost  by  external  radiation. 


CHAPTEK  VII. 

COMPOUND   ENGINES. 

VARIOUS  methods  have  been  adopted  to  increase  the  efficiency  of  the 
steam  in  the  cylinder,  including — 

1.  Compounding  the  cylinders. 

2.  Steam-jacketing. 

3.  Superheating. 

4.  Increased  rotational  speeds. 

And  these  methods  will  now  be  described  in  the  above  order. 

COMPOUND  ENGINES. 

It  will  be  clear,  after  studying  the  temperature-entropy  chart,  that 
the  proportion  of  useful  work  to  be  obtained  per  pound  of  steam  will 
increase  as  the  initial  pressure  increases,  providing  advantage  is  taken 
of  the  possibility  of  working  the  steam  expansively  so  as  to  recover  a 
portion  of  its  internal  energy,  and  providing  also  that  initial  con- 
densation and  all  other  condensation  can  be  reduced. 

Pressures  are  gradually  increasing ;  large  ranges  of  expansion  are 
being  obtained  by  means  of  the  multi-cylinder  engine ;  reduced 
losses  by  condensation  are  being  secured  by  compounding,  steam- 
jacketing,  superheating,  and  increased  rotational  speeds. 

Referring  to  the  compound  engine  and  the  reasons  for  its  adoption, 
there  are  three  important  objections  to  working  steam  at  high  pres- 
sures and  large  expansion  in  one  cylinder,  and  these  objections  become 
more  serious  as  the  pressure  and  number  of  expansions  increase. 

1.  The  volume  of  the  cylinder  must  be  sufficient  to  provide  for  the 
required    expansion   of   the   steam,    but   it   must   also   be   sufficiently 
strong  to  carry  the  maximum  pressures.     Similarly,  also,  the  working 
parts    require    to   be    sufficiently    large    and    strong    to   transmit  the 
maximum  stresses ;    and   since  the   maximum   pressures  and    stresses 
are  greatly  in  excess  of  the  mean  when  the  number  of  expansions  in 
one  cylinder  is  large,  the  engine  becomes  excessively  heavy  and  costly 
compared  with  the  power  exerted. 

2.  The  loss  by  initial  condensation  increases  rapidly  as  the  number 
of  expansions  in  one  cylinder  increases. 

3.  The  turning  effort  on  the  crank-pin  becomes  excessively  variable. 
By  the  introduction  of  the  compound  engine,  the  range  of  stress  on 

the   working  parts,  the  loss  by  initial  condensation,  and  the  irregu- 
larity of  the   turning   effort  are  much   reduced,  as  compared  with  a 
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single-cylinder  engine  working  with  the  same  initial  pressure  and 
number  of  expansions.  Hence,  for  smoothness  of  working,  with  a 
wide  range  of  pressures,  and  for  economy  of  fuel,  the  compound 
engine  was  an  important  advance  on  the  simple  engine. 

The  improvement  in  the  distribution  of  the  stresses,  and  of .  the 
turning  effort  effected  by  compounding  the  cylinders,  is  dealt  with 
later.  The  reduction  of  the  loss  by  initial  condensation  in  com- 
pound engines  as  compared  with  single-cylinder  engines  working 
through  the  same  range  of  pressures  may  be  accounted  for  as  follows  : — 

1.  Because    the   heat    transferred    from   the   steam   to    the   metal 
depends  upon  the  difference  of  temperature  between  the  initial  steam 
and  the  metal  with  which  it  is  in  contact ;  but  in  a  compound  engine 
the  only  cylinder  coming  into  contact  with  condenser  pressures  and 
temperatures  is  the  low-pressure  cylinder,   and  the  further   removed 
from  the  low-pressure   cylinder,   the    higher   the  temperature   of   the 
walls  of   the   preceding   cylinders.      This   corresponds   also  with   the 
temperature  of  the  steam  passing  through  the  engine,  the  hot  steam 
meeting  the  hot  walls,  and  the  cooler  steam  the  cooler  walls ; l  hence 
the  difference  of   temperature   between  the  steam   and   the  walls  in 
contact  with  it  being  reduced,  the  condensation  is  reduced  also. 

2.  Because   initial   condensation   in   the   successive   cylinders   of   a 
compound  engine  is  not  cumulative,  but  is  approximately  that  due  to 
one  cylinder  only.      The  water  due  to   initial    condensation  in   each 
cylinder  is  usually  re  evaporated  during  the  exhaust  stroke  in  that 
cylinder,  and  leaves  the  cylinder  as  steam,  to  provide  for  the  needs 
of  the  succeeding  cylinder,  and  so  on. 

Methods  of  Compounding. — The  essential  feature  of  compounding 
is  to  exhaust  the  steam  from  one  cylinder  into  a  second  cylinder  of 
larger  volume,  where  the  steam  may  do  further  work  by  continued 
expansion.  This  may  be  repeated  through  three  or  four  or  more 
successive  cylinders. 

Engines  may  be  compounded  by  exhausting  from  a  high-pressure 
cylinder  into  a  low-pressure  cylinder  of  one  or  other  of  the  following 
types  :— 

1.  A  cylinder  of  larger  diameter  but  the  same  stroke,  which  is  the 
usual  arrangement. 

2.  A  cylinder  of  the  same  diameter  but  longer  stroke. 

3.  A   cylinder   having   the   same   dimensions   as   the   high-pressure 
cylinder,  but  with  its  piston  making  a  larger  number  of  reciprocations 
or  strokes  per  minute,  the  engines  working  on  independent  cranks. 

4.  Any  combination  of  these  methods. 

In  all  cases  the  work  done  in  a  cylinder,  or  between  the  pistons 
of  a  compound  engine,  or  in  any  combination  whatever  of  cylinders 
and  pistons  =  pm(V2  —  ^i)»  where  pm  is  the  mean  pressure,  and 
(V2  —  Vx)  the  increase  of  volume  while  the  steam  is  enclosed,  and 
independently  of  the  way  in  which  the  increase  of  volume  is  obtained. 

Double-expansion    compound    engines     may    be    divided     into   two 

1  The  high-pressure  cylinder  might  be  called  with  equal  correctness  the  high- 
temperature  cylinder,  and  the  low-pressure  cylinder  the  low-temperature  cylinder. 
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main  classes:  (1)  the  Woolf  type,  in  which  the  pistons  of  each 
cylinder  commence  the  stroke  simultaneously,  as  in  tandem  engines 
(Fig.  140),  or  those  with  cranks  at  0°  or 
180°  apart;  (2)  the  Receiver  type,  in  which 
the  cranks  are  set  at  an  angle  other  than 
0°  or  180°  with  -each  other,  and  in  which 
the  steam  exhausted  from  the  first  cylinder 
is  passed  into  a  chamber  called  the  re- 
ceiver, between  the  two  cylinders,  where  it 


FIG.  HO. 


FIG.  141. 


is  retained  till  the  second  cylinder  is  ready  to  receive  it. 

In  practice  it  is  usually  found  unnecessary  to  have  a  separate  special 
chamber  for  a  receiver,  as  the  exhaust  pipe  of  the  high-pressure  cylinder 
and  the  valve  chest  of  the  low-pressure  afford  sufficient  capacity  for  the 
purpose. 

Number  of  Cylinders.— Having  determined  the  terminal  pressure 
desired  at  the  end  of  the  expansion,  and  the  number  of  expansions 
or  point  of  cut-off  in  each  cylinder,  then  the  number  of  cylinders  will 
depend  upon  the  range  of  pressure,  and  will  increase  as  the  initial 
pressure  increases.  Thus  for  condensing  engines  the  terminal  pres- 
sure may  be  10  Ibs.  absolute,  and  for  non-condensing  engines  20  Ibs. 
absolute,  and  the  number  of  expansions  in  each  cylinder,  say,  three. 
Then  for  the  condensing  engine  (Fig.  142),  if  the  ratio  of  the  cylinder 
volumes  is  1:3,  and  there  were  no  losses,  the  pressure  at  cut-off  in 
the  low-pressure  cylinder  is  approximately  30  Ibs.  If  now  the  high- 
pressure  cylinder  at  end  of  stroke  contains  the  same  volume  of  steam 
as  the  low-pressure  cylinder  at  cut-offj  then  the  pressure  at  end  of 
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stroke  in  the  high-pressure  cylinder  is  30  Ibs.,  and  again  cutting  off  at 
\  of  the  stroke,  the  initial  pressure  in  the  high-pressure  cylinder  is  90 
Ibs.  absolute. 

For  boiler  pressures  of  150  to  180  Ibs.  and  condensing  engines,  the 
steam  is  expanded  in  three  cylinders  successively,  which  arrangement 
is  known  as  the  triple-expansion  engine. 

At  boiler  pressures  of  200  Ibs.  and  upwards  quadruple-expansion 
engines  are  used. 

Equal  Distribution  of  the  Work  and  Initial  Stresses  between  the 
Cylinders. — In  the  example  just  chosen  of  a  two-cylinder,  or  double- 
expansion  compound,  with  the  volume  of  the  high-pressure  cylinder 
equal  to  the  volume  of  the  low-pressure  cylinder  up  to  cut-off,  the 
curve  of  expansion  is  continuous,  as  shown  in  Fig.  142,  and  there  is 
no  loss  by  compounding  with  such  an  arrangement,  as  the  work  done 
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is  the  same  theoretically  as  would  be  done  in  a  single  cylinder  of  the 
same  dimensions  as  the  low-pressure  cylinder. 

But  from  Fig.  143  it  will  be  seen  that  it  is  possible  to  secure  this 
with  any  number  of  different  ratios  between  the  cylinders ;  thus,  if 
OV3  =  volume  of  low-pressure  cylinder,  then  if  db  be  drawn  as 
shown,  Oa  may  be  taken  as  the  back  pressure  on  the  high-pressure 
cylinder  and  the  forward  pressure  on  the  low-pressure  cylinder ; 
O  Vl  =  volume  of  the  high-pressure  cylinder ;  peba  is  the  work 
diagram  for  the  high-pressure  cylinder,  and  alfv.^O  is  the  work 
diagram  of  the  low-pressure  cylinder;  6  is  the  point  of  cut-off  in 

the   low-pressure   cylinder ;  and §  is  the  ratio  between  the  cylinder 

V  M 

volumes. 

Again,  if  cd  had  been  drawn  instead  of  06,  then  Oc  is  the  pressure 

between  the    cylinders ;    pedc    and  cd/V30   are  the   respective   work 

diagrams  ;  d  is  the  point   of  cut-off  in  the  low-pressure  cylinder ;  and 

OV 

is  the  ratio  between  the  cylinders. 

Hence  the  ratios  between  the  cylinders  may  be  widely  different. 
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In  fixing  the  ratio  for  any  given  case,  the  ratio  is  so  chosen 
that  the  effective  work  areas  of  the  respective  cylinders  and  the 
initial  stresses  on  the  respective  pistons  are  as  nearly  as  possible 
equal. 

Taking  the  case  illustrated  in  Fig.  144,  where  pl  =  100,  with 
8  expansions  ;  ratio  of  cylinder  volumes  1:2;  back  pressure  4  Ibs. 
absolute.  Comparing  the  work  done  in  the  two  cylinders  and  the 
initial  stresses  on  the  pistons,  we  have  — 

Mean  effective  pressure  pm  in  the  high-pressure  cylinder  — 

1  +  loge  r 
P~=Pi—    r     ---  Po 

.  1001+f86  -  25 
=  34-65 
Mean  effective  pressure  Pw  in  the  low-pressure  cylinder  — 


=  17-16 
Multiplying  pin  and  v±  and  Pm  and  v.2,  we  have-1-- 

(34-65  X  1  =  34-65)  and  (17'16  x  2  =  34  32) 
that  is,  the  work  done  in  the  two  cylinders  is  practically  equal. 

Comparing  now  the  initial  stresses  on  the  respective  pistons,  we 
have  —  since  these  stresses  are  in  the  ratio  of  the  net  initial  pressures 
multiplied  by  the,  relative  areas  of  the  pistons  — 

(100  -  25)1  :  (25  -  4)2  :  :  75  :  42,  or  as  1-8  to  1 

Li    other    words,    the    initial   stress    on   the   high-pressure   piston    is 
much  in  excess  of   that  on  the  low  —  that  is,  the  area  of  the  high- 

pressure   piston   is    too    large.       Hence, 
when  the  cylinders  are  designed  to  give 


H.R 


25 


V,  V> 

FIG.  144. 


FIG.  145. 


an  equal  distribution  of  the  work  with  a  continuous  expansion 
line,  the  high -pressure  cylinder  is  too  large  to  maintain  equality 
of  initial  stresses  on  the  pistons ;  and  at  the  loss  of  some  efficiency, 
it  is  necessary  in  practice  to  reduce  the  dimensions  of  the  high- 
pressure  cylinder. 

This  may  be  done  by  retaining  the  cut-off  at  point  b  (Fig.   145)  in 
the   low-pressure   cylinder,    and    reducing   the   high-pressure   cylinder 
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volume  from  db  to  ac.  This  arrangement  will  cause  a  fall  or  "  drop" 
of  pressure  at  the  end  of  the  stroke  in  the  high-pressure  cylinder  from 
d  to  the  receiver  pressure  c,  and  a  consequent  loss  by  "  drop "  of  the 
triangular  area  deb.  Here  the  initial  stress  on  the  low-pressure  piston 
is  unchanged,  while  the  stress  on  the  high-pressure  piston  is  reduced 
in  the  proportion  of  ac  -r  ab.  By  a  certain  amount  of  compromise, 
it  will  be  possible  in  this  way  to  approximately  equalize  both  the 
work  done  and  the  initial  stresses  in  the  cylinders. 

The  same  principles  apply  to  the  design  of  any  number  of  succes- 
sive cylinders. 

Features  of  the  Compound  Engine.— 1.  Effect  of  varying  the  Cut-off 
in  the  High-pressure  cylinder  on  the  Distribution  of  Power.  Suppose  the 
cylinder  ratios  to  be  1  :  2  ;  the  cut-off  in  the  low-pressure  cylinder  to 
be  constant  at  0*5,  and  to  enclose  a  volume  at  cut-off  equal  to  the 
whole  volume  of  the  high-pressure  cylinder.  Then  the  effect  on  the 
distribution  of  power  between  the  cylinders  may  be  shown  by  the  use 
of  the  diagram  (Fig.  146),  which  assumes  hyperbolic  expansion.  In 

practice  this  diagram  is  subject  to 
many,  and  in  some  respects  con- 
siderable, modification,  but  for  obtain- 
ing a  general  idea  of  the  various 
effects  occurring  in  compound  engines, 
whether  for  double,  triple,  or  quad- 
ruple expansion,  it  is  very  Jielpful. 

With  a  cut-off  at  0'25  of  the  stroke 
in  the  high-pressure  cylinder,  and  at 
an  initial  pressure  p^  the  steam  ex- 
pands in  this  cylinder  along  ab  to 


If  terminal  pressure  p3  =  pt  x  0*25,  neg- 

-^.P.voi-  ->  ^  .^  lecting  clearance.  This  is  also  the 

FlG'  146  pressure  in  the  receiver.  Then  the 

work  diagram  of  the  high-pressure 

cylinder  is  given  by  the  area  p^dbp^  and  of  the  low-pressure  cylinder 
by  the  area  p^befo. 

With  a  cut-off  at  0'5  of  the  stroke  in  the  high-pressure  cylinder, 
approximately  twice  the  weight  of  steam  is  supplied  per  stroke  ;  the 
steam  is  exhausted  from  the  high-pressure  cylinder  into  the  receiver 
at  some  higher  back  pressure  p2,  acting  as  back  pressure  on  the  small 
piston  and  as  forward  pressure  on  the  large  piston,  and  the  work 
diagrams  are  given  by  the  areas  pldnp2  and  pznhfo  for  the  small  and 
large  cylinders  respectively. 

There  is  here,  with  a  late  cut-off,  a  large  increase  of  work  done 
in  the  low-pressure  cylinder,  while  the  work  done  in  the  high- 
pressure  cylinder  is  nearly  the  same  with  a  late  as  with  an  early 
cut-off. 

The  same  point  is  illustrated  by  Figs.  147  and  148.  These  show 
that— when  the  power  is  regulated  by  the  cut-off— as  the  cut-off  in 
the  ^  high-pressure  cylinder  is  made  later,  the  total  power  of  the 
engine  is  increased,  and  the  larger  share  of  the  increased  power  is 
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taken  in  the  low-pressure  cylinder ;  with  an  early  cut-off  and  at  low 
powers,   the   larger  share  of  the  work  is    done    in  the   high-pressure 
cylinder,  and  as  this  power  is  reduced  to 
a  minimum,  the  power  in  the  low-pressure  ^-r 

cylinder  may  be  reduced  to  zero  (Fig.  147). 
In  non-condensing   compounds,   at  light 
loads,  if  by  extended  expansion,  the  mean 
absolute  forward  pressure  of  the  steam  in 

1-     J  P    n        t      i  ±1       ,      CUT-OFF  IN  H.P.CYLINDER -2 

the  low-pressure  cylinder  rails  below  that  L.P.CUT-OFF  CONSTANT -s 

necessary  to  overcome  the  resistances  due 

to  back  pressure,   and  the  friction  of  the 

moving  parts  of  the  low-pressure  engine,  . 

then   the   low-pressure    cylinder   is   worse 

than  useless,  and  it  may,  in  fact,  become 

the  cause  of  a  serious  loss  of  efficiency. 

Hence  non-condensing  compound  en- 
gines are  most  suitable  where  the  load  is 
fairly  constant,  and  they  should  not  be 
worked  with  a  terminal  pressure  on  the  FIG.  147. 

low-pressure  cylinder  below  about  20  Ibs. 

absolute.     If  expanded  below  atmospheric  pressure,  the  low-pressure 
diagram  will  show  a  negative- work  loop  (see  Fig.  150). 

2.  Effect  of  throttling  the  Steam-supply  on  the  Distribution  of  the  Power 
between  the  Cylinders.  —  Considering  ratios  of  cylinders  1  :  2  as  before, 
without  drop  and  the  cut-off  in  both  cylinders  constant  at  half-stroke. 
Then  (Fig.  146)  if  the  initial  steam  pressure  be  jplf  the  terminal  pres- 
sure in  the  high-pressure  cylinder  will  be  p1  -4-  2 ;  this  also  will  be 
the  pressure  in  the  receiver,  and  the  terminal  pressure  in  the  low- 
pressure  cylinder  will  be  pt  -f-  4.  The  work  areas  in  the  high  and 
low-pressure  cylinders  are  ptfnp^  and  p.2nhfo  respectively. 

If,  now,  the  steam-supply  be  throttled  down  to  p.2  Ibs.  =  |^15  then 
the  effect  on  the  distribution  of  power  between  the  cylinders  is  seen ; 
thus,  area  p2sbps  for  the  high-pressure,  and  p-fiefo  for  the  low-pressure 
cylinder.  At  high  powers  the  distribution  is  the  same  as  in  Case  (1) 
with  a  late  cut-off  (0*5),  but  at  low  powers  and  with  the  steam-supply 
throttled,  the  work  done  in.  the  high-pressure^  cylinder  is  now  much 
reduced,  while  the  work  done  in  the  low-pressure  cylinder  remains 
the  same  as  in  Case  (1)  with  cut-off  at  0'25.  This  shows  a  less 
satisfactory  distribution  of  the  power  between  the  cylinders  than 
if  the  power  had  been  reduced  by  an  earlier  cut-off  instead  of  by 
throttling.  It  also  shows  that,  theoretically,  throttling  to  a  pressure 
p.,  is  less  economical  than  altering  the  cut-off  from  0-5  to  0*25  with 
constant  initial  pressure,  for  in  both  cases  the  same  weight  of  steam 
is  exhausted  per  stroke,  namely,  the  low-pressure  cylinder  volume 
at  pressure/?,  though,  with  throttling,  the  useful  work  area  is  reduced 
by  the  area,  pLasp2.  The  theoretical  gain  would  not,  however,  be  fully 
realized  in  practice,  owing  to  greater  loss  by  cylinder  condensation 
with  an  early  cut-off. 

A  similar   result  is  seen  by  diagrams  Figs.    149    and  150,  which 
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show  the  effect  of  throttling.  Fig.  149  is  for  a  condensing  engine, 
and  Fig.  150  for  a  non-condensing  engine.  The  dotted  shaded  areas 
show  the  work  areas  when  the  initial  pressure  has  been  reduced  by 
throttling  the  steam-supply  to  the  high-pressure  cylinder.  The  full- 
line  figures  show  the  effect  on  the  distribution  of  the  power  before  the 
initial  pressure  was  reduced  by  throttling. 

CUT-OFFINBOTH  CYLINDERS   -5 


GAUGE 


* 


FIG.  152. 


FIG.  153. 


Fig.  152  shows  the  effect  on  the  distribution  of  the  power  between 
the  cylinders,  of  throttling  the  initial  steam  between  the  ranges  of 
100  and  40  Ibs.  pressure.  Vertical  measurements  above  and  below 
the  pressure  line  give  the  work  done  in  the  high  and  low-pressure 
cylinders  respectively.  The  effect  of  adding  a  condenser  is  also 
shown. 

3.  Effect  of  a  Variable  Cut-off  in  the  Low-pressure  Cylinder  on  1he  Dis- 
tribution of  the  Power  between  the 
Cylinders. — Unequal  distribution 
of  the  power  can  be  remedied  to 
some  extent  by  regulating  the  point 
of  cut-off  in  the  low-pressure  cylin- 
der. Thus,  suppose  the  cylinder 
ratios  =  1:4,  and  cut-off  in  each 
cylinder  at  half-stroke,  and  let  CUT.OFF  |N  L  p 
pficdpt  (Fig.  153)  be  the  work  area 
for  the  high-pressure,  and  p-Aefga 
the  work  area  for  the  low-pressure 
cylinder.  If  now  the  cut-off  in 
the  low-pressure  cylinder  be 
changed  from  0-5  to  0-25  of  the 
stroke,  then  the  work  areas  will 
be  changed,  the  high-pressure  dia- 
gram being  reduced  to  the  area 
Pibcp.2,  and  the  low-pressure  dia- 
gram being  increased  to  the  area  p2cfya. 


H.P.CUT-OFF  CONSTANT  -3 


Conversely,   if  the  cut-off 


134 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


in  the  low-pressure  is  made  later,  the  receiver- pressure  line  will  fall, 
the  high-pressure  area  will  be  thereby  increased  and  the  low-pressure 
decreased.  Hence,  to  throw  a  larger  share  of  the  total  work  into  the 
low-pressure  cylinder,  make  the  cut-off  in  that  cylinder  earlier,  and 
vice  versa.  This  is  also  illustrated  in  Figs.  151  and  154.  An  adjust- 
able cut-off  for  the  low-pressure  cylinders  of  marine  engines  is  shown 
in  Fig.  81. 

Fig.  155  shows  indicator  diagrams  of  one  set  of  engines  of  H.M.S. 
Powerful,  a  twin-screw  cruiser.1  The  full-lined  diagrams  represent 
the  power-distribution  between  the  cylinders  when  the  engines  exerted 
13,000  T.H.P.,  and  the  dotted-lined  diagrams  the  power-distribution 
at  2500  I.H.P. 


FIG.  155. 
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The  engines  are  four-cylinder,  triple-expansion  engines,  having 
one  high-pressure  cylinder,  one  intermediate  cylinder,  and  two  low- 
pressure  cylinders,  namely,  the  "  forward "  and  the  "  after "  low- 
pressure  cylinder  respectively.  By  using  two  low-pressure  cylinders 
instead  of  one,  the  necessary  volume  is  obtained  without  an  excessively 
large  cylinder  diameter. 

4.  Receiver  Volume. — If  the  volume  of  the  receiver  or  chamber 
between  the  cylinders  of  compound  engines  (including  the  exhaust 
chamber  and  exhaust  pipe  of  the  first  cylinder,  and  the  valve  chest 
of  the  second  cylinder)  were  indefinitely  large,  then  the  back-pressure 
line  of  the  small  cylinder  and  the  forward-pressure  line  of  the  large 
cylinder  would  each  be  a  horizontal  straight  line,  as  shown  in  the 
approximate  diagrams  (Figs.  142,  144). 

In  practice  the  receiver  volume  is  from  one  and  a   half  to  several 

1  Reduced  from  diagrams  given  in  a  paper  by  Sir  A.  J.  Durston  before  the 
Institution  of  Naval  Architects,  April,  1897. 
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times  the  volume  of  the  high-pressure  cylinder ;  and  the  effect  of 
the  restricted  volume  of  the  receiver  is  to  make  the  back-pressure 
line  of  the  high  and  the  admission  line  of  the  low-pressure  diagram 
somewhat  irregular. 

The  theoretical  form  of  these  portions  of  the  diagrams  is  seen  in 
Fig.  160,  which  represents  the  pressures  in  the  receiver,  assuming  pv 
constant. 

The  receiver  volume  is  usually  made  as  small  as  possible  to  avoid 
loss  of  heat  by  radiation,  but  the  necessities  of  the  design  determine 
the  volume.  Other  things  being  equal,  the  effect  on  the  power-dis- 
tribution, of  a  small  receiver,  is  to  increase  somewhat  the  back  pressure 
against  the  high-pressure  piston,  and  increase  the  initial  pressure  on 
the  low.  Increasing  the  volume  of  the  receiver,  therefore,  increases 
to  a  small  extent  the  area  of  the  high-pressure  diagram,  and  decreases 
the  area  of  the  low. 

5.  An  increase  of  pressure  sometimes  occurs  in  the  low-pressure 
cylinder  towards  the  point  of  cut-off,  shown  in  practice  as  a  more  or 
less  sudden  increase  of  pressure  during  admission  on  the  low-pressure 
diagram,  especially  when  the  engine  is  running  slowly.  This  is  due 
to  the  high-pressure  cylinder  exhaust  passing  into  the  receiver  before 
cut-off  has  taken  place  in  the  low. 

Practical  Modifications. — In  discussing  first  principles  of  the  com- 
pound engine  simple  approximate  diagrams  were  used  merely  to 
illustrate  the  principles,  but  in  practice  numerous  corrections  of 
these  assumed  conditions  have  to  be  made,  as  will  be  seen  by  com- 
paring diagrams  Fig.  155  with  the  figures  previously  considered. 
The  losses  in  practice  may  be  summarized  as  follows  : — 

1.  The  loss  of  pressure  between  the  pressure  in  the  boiler  and  the 
initial  pressure   on   the  piston  ;  the  amount  of  the  loss  varies   with 
the  speed  of   the  engine,  its  distance  from  the  boiler,  the  design  of 
the  steam-passages  and  valve  gear. 

2.  The    loss    due    to   wiredrawing    during    admission   of   the  steam 
to   the   h.p.    cylinder.       This    causes    the    mean    admission    pressure 
between  the  beginning  of  the  stroke  and   the  point  of  cut-off  to  be 
less  than  the  initial  pressure. 

3.  The  loss  due  to  "  drop  "  of  pressure  between  the  end  of  expansion 
in  the  high-pressure  cylinder  and  the  initial  pressure  in  the  low. 

4.  The  loss  of  pressure  between  the  back  pressure  of  one  cylinder 
and  the  forward  pressure  of  the  succeeding  cylinder. 

5.  The  loss    due    to    early  opening   of   exhaust.     This  is  generally 
very  small. 

6.  The   loss    due    to   back    pressure   on   the    low-pressure   cylinder. 
This  may  be  considerable ;  thus,  if  the  h.p.  and  l.p.  piston  ratios  are 
1:7,  then  1  Ib.  additional  back  pressure  due  to  defective  vacuum  in 
the  condenser  will  be  equivalent  to  a  loss  of  7  Ibs.  mean  pressure  on 
the  h.p.  piston. 

7.  In  unjacketed  cylinders,  the  gradual  reduction  of  the  weight  of 
steam  present  as  steam  as  the  expansion  proceeds  by  transmutation 
of  heat  into  work. 
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For  double-expansion  engines,  with  a  given  fixed  terminal  pressure, 
usually  10  Ibs.,  the  number  of  expansions  falls  in  practice  to  about 
85  per  cent.,  and  in  triple-expansion  engines  to  70  per  cent.,  of  that 
given  by  initial  pressure  -f-  terminal  pressure. 

The  diagram  factor  is  the  ratio  of  the  actual  mean  effective  pressure 
of  an  engine,  referred  to  the  low-pressure  cylinder,  to  the  theoretical 
mean  effective  pressure  obtained  with  the  same  number  of  expansions, 
and  supposing  the  only  losses  to  be  the  back  pressure  of  3  Ibs.  for 
condensing  engines  and  16  Ibs.  for  non-condensing  engines.  The 
theoretical  expansion  curve  may  be  assumed  either  adiabatic  or 
hyperbolic  ;  for  simplicity  it  is  usually  assumed  hyperbolic,  and  the 
diagram  factor  is  found  accordingly.  Thus — 

T,.  -  actual  mean  pressure  p,,       ^ 

Diagram  factor  —    ,  =.£f.  =  K 

theoretical  mean  pressure      pm 


Actual  mean  pressure  =  pe  = 


I.H.P.  x  33,000 
LAN 


referred   to   low-pressure   cylinder,   where   A  =  area   of   low-pressure 
cylinder,  and  LN  =  piston  speed  in  feet  per  minute. 

Theoretical  mean  pressure  =  pm  =  pl  -     T>&€  -  v  pb 

where   R  =  (volume   of    piston   displacement    of    l.p.    cylinder    plus 
clearance)  -7-  (volume  of  steam  at  cut-off  in  h.p.  cylinder). 

DIAGRAM  FACTORS  TOR  COMPOUND  ENGINES. 

High  speed,  short  stroke,  unjacketed        60  to  80  per  cent. 

Slower  rotational  speeds          „  70  „  85        ,, 

„  ,,  jacketed  85  „  90        „ 

Corliss  valve  grear  jacketed 90  „ 

Triple-expansion  marine  engines  (Seaton)          ...  60  „  66        „ 

Mean  Effective  Pressure  referred  to  Low-pressure  Piston.  — In 
multiple  expansion  engines  it  is  convenient  for  many  purposes  to  express 
the  sum  of  the  mean  effective  pressures  on  the  various  pistons  in  terms 
of  an  equivalent  mean  pressure  reduced  to  a  common  scale  of  piston 
area,  and  for  this  purpose  the  low-pressure  piston  area  is  chosen  as  the 
standard.  The  sum  of  the  equivalent  pressures  is  then  spoken  of  as 
the  total  mean  effective  pressure  "referred  to  the  low-pressure  piston." 

Thus,  in  the  case  of  a  triple-expansion  engine  having  piston  areas  in 
the  proportion  1  :  2*7  :  7,  and  mean  effective  pressures  in  the  proportions 
91,  33-8,  and  13  respectively  ;  reducing  these  to  the  common  scale  of 
the  low-pressure  piston  area,  we  have  : — 


M.E.P.  in  high-pressure 
cylinder  referred  to 
low-pressure  cylinder. 

M.E.P.  in  inter- 
cylinder  referred  to 
low-pressure  cylinder. 

M.E.P.  in  low-pressure 
cylinder. 

Total  M.E.P.  referred 
to  low-pressure  cylinder. 

91  X  J 

*""iiT' 

33.8  x2?7 
13^ 

13 
13 
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To  find  the  Sizes  of  the  Cylinders  for  a  Compound  Engine  of  given 
Power.— It  is  usual  first  to  determine  the  diameter  of  the  low-pressure 
piston  by  considering  that  its  capacity  will  be  the  same  as  would  be  the 
case  if  the  total  work  of  the  engine  is  to  be  done  in  that  cylinder  alone. 
For  whatever  the  number  of  cylinders  which  precede  the  low-pressure 
cylinder,  this  cylinder  must  itself  be  large  enough  to  contain  each 
stroke  the  volume  and  weight  of  steam  necessary  to  develop  the 
specified  power  with  a  given  terminal  pressure.  In  other  words,  the 
total  steam  used  by  a  compound  engine  is  the  steam  exhausted  from 
the  low-pressure  cylinder. 

The  final  volume  and  weight  of  steam  used  are  the  same,  whether 
the  expansions  all  occurred  in  the  low-pressure  cylinder  by  having  an 
early  cut-off  in  that  cylinder,  or  whether  they  occurred  in  a  series  of 
preceding  cylinders  exhausting  finally  to  the  low-pressure  cylinder  and 
expanding  there  to  the  same  terminal  pressure. 

The  area  (A)  of  the  low-pressure  piston  for  a  given  total  power  of 
the  combined  cylinders,  and  with  a  given  stroke,  is  determined  from 
the  formula — 

(P  x  A)  x  (L  x  N) 
"""33000 

where  P  =  mean  effective  pressure  referred  to  low-pressure  piston 
=  40  to  45  Ibs.  per  sq.  in.  at  maximum  load  ;  or 
=  30  to  35   Ibs.  per  sq.   in.   at  most  economical   steam  con- 
sumption. 
The  higher  values  of  P  are  taken  at  the  higher  boiler-pressures. 

EXAMPLE. — Find  the  diameter  of  the  low-pressure  cylinder  of  a 
compound  vertical  engine  for  a  maximum  load  of  400  I.H.P. ;  stroke 
18  ins. ;  revolutions  per  minute,  155  ;  mean  effective  pressure  referred 
to  low-pressure  piston  =  40  Ibs.  per  sq.  in. 

A  =  I.H.P.  x  33000  _         400  x  33000 

P  X  L  x  N          40  x  1'5  X  155  x  2 
=  709-6  sq.  ins. 
=  30  ins.  diameter. 

To  find  the  Diameter  of  the  High-pressure  Cylinder. — Having  deter- 
mined the  dimensions  of  the  low-pressure  cylinder,  the  diameter 
of  the  high-pressure  cylinder  will  depend  upon  a  number  of  con- 
ditions, but  the  chief  object  usually  is  to  provide  that  the  power  of 
the  engine  shall  be  divided  equally  between  the  cylinders,  and  that 
the  maximum  stresses  on  the  piston  shall  be  as  nearly  as  possible 
equal.  So  far  as  the  power  of  the  engine  is  concerned,  provided  the 
low-pressure  cylinder  is  correctly  designed,  the  total  power  will  be 
on  the  whole  independent  of  the  ratio  of  the  cylinders,  though  the 
smooth  and  economical  working  of  the  engine  may  be  much  influ- 
enced by  it.  The  following  tables  give  the  proportions  usually 
adopted.  Then,  allowing  a  ratio  of  3J  to  1  from  tfhe  table,  area 
of  high-pressure  piston  =  706  5  -J-  3'5  =  201-86  sq,  ins:  =  16  ins. 
diameter. 
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DOUBLE-EXPANSION  COMPOUND  ENGINES. 
Condensing. 


Boiler  pressure    Ibs. 

Ratio  of  L.P.  to  H.P.  volumes  ... 


80 
3 


DO 
Si 


100 


120 
4 


Non-condensing. 


Boiler  pressure 
Ratio  of  L.P.  to 

H.P.  volumes 

Ibs. 

90-100 
2* 

120 
3J 

LOCOMOTIVE  COMPOUNDS  (VoN  BORBIES). 


Ratio  of  L.P.  to 
H.P.  vote. 

Large  locomotives  with  tenders        
Tank  locomotives        , 

2  to  2-05 
2-15  to  2-2 

TRIPLE-EXPANSION  ENGINES  (HORIZONTAL). 


Boiler-pressure. 

H.P.  vol. 

I.P.  vol. 

L.P.  vol. 

140 

1 

2J 

tf£ 

160 

1 

2* 

180 

1 

2* 

7J 

400 


300 


RATIO    OF    CYLINDERS.  (DIA«0 


Marine  engineers  adopt  the  ratio  for  cylinder  diameters  of  triple- 
expansion  engines  of  about  3,  5,  and  8  respectively.     Then  the  areas 
of  the  successive  pistons  are  to   one 
another  as  32   :  52  :  82  =  1  :  2-78  : 
7-11.     The  diagram  (Fig.   157)  illus- 
trates the  way   in  which    the  ratios 
between   the   cylinder   diameters    in- 
crease   as    the    initial    pressures    in-  ]| 
crease,   for  triple -expansion   condens-  $ 
ing   engines,  the   respective   cylinder  £ 
diameters      being      measured      hori-  ^ 
zontally,  from  zero  for  each  cylinder  ^ 
on  the  horizontal  line  drawn  through  ^ 
the  required  boiler  pressure. 

Effects  of  Various  Portions  of 
Work  Area  on  Condensation  in 
Multiple  -  Expansion  Engines.—  Con- 
sider the  case  of  a  triple-expansion 


100 


I  2 

FIG.  157. 
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engine  having  high-pressure,  intermediate,  and  low-pressure  cylinders. 

Then,  referring  to  Fig.  158— 

1 .  Work    done    upon  high-pressure  piston  up  to  cut-off  =  aL  +  a., 

+  %.     This  work  is  done  by  the  external  latent  heat  of  the  steam 

provided  at  the  boiler,  and  is  not 
followed  by  condensation  due  to  the 
work  done. 

2.  Work   done   in   high-pressure 
cylinder  after  cut-off  =  bL  -f  63  4-  b3. 
Heat-units  converted  into  work  = 
(area  6X  +  b,  -f  63)  -j-  778.     This  loss 
of  heat,  due  to  work  done,  is  fol- 
lowed  by    equivalent  condensation, 
and  the  steam  is  made  permanently 
wet  to  this  extent  throughout. 

3.  Work  done  against  high -pres- 
sure piston  =  (a.2  +  b2  +  as  +  fyj)  = 
work  done  upon  intermediate-pres- 

FlG   15g  sure  piston  up  to  cut-off.     Net  work 

done  by  steam  =  0.     No  condensa- 
tion due  to  work  done. 

4.  Work  done  by  steam  during  expansion  in  I. P.  cylinder  =  c:  +  c# 
Heat-units  converted  into  work  =  (area  CL  +  c2)  -r-  778.     This  is  fol- 
lowed by  an  equivalent  condensation  of  steam,  increasing  permanent 
wetness. 

5.  Work  done  against  I.  P.  piston  =  work  done  upon  L.P.  piston 
=  (a3  4-  63  4-  c2).     Net  work  done  by  steam  =  0.     No  condensation. 

6.  Work  done  by  steam  during   expansion  in  L.P.   cylinder  =  c3. 
Heat-units  converted  into  work  =  (area   c3)  -7-  778,    with    equivalent 
condensation,  producing  permanent  wetness. 

Diagram  of  Relative  Piston  Displacement  in  Compound  Engines. 
— Having  given  the  ratios  of  cylinders  and  clearance  and  receiver 
volumes  for  a  given  compound  engine,  it  is  possible  to  follow  the 
steam  through  the  engine,  and  to  construct  diagrams  representing  the 
nature  of  the  changes  of  volume  and  pressure  between  the  points  of 
entering  and  leaving  the  cylinder. 

In  Fig.  159,  horizontal  lines  are  lines  of  volume,  and  vertical  lines 
are  subdivided  into  portions  of  a  revolution.  Thus,  starting  at  a  on 
the  top  line,  let  aO  =  volume  of  high-pressure  clearance  (ch) ;  O5 
=  volume  of  high-pressure  piston  displacement  (vh)  •  db  =  volume  of 
receiver  (R) ;  65'  =  volume  of  low-pressure  clearance  (c,) ;  and  5'O'  = 
volume  of  low-pressure  piston  displacement. 

On  the  lines  O5  and  O'5'  draw  semicircles  representing  a  half- 
revolution  of  the  crank-pin,  and  divide  it  into  any  number  of  equal 
parts — say  five,  as  shown.  On  the  vertical  line  to  the  left  of  the 
figure  set  off  ten  equal  spaces  representing  parts  of  a  revolution. 
The  diagram  is  completed  for  one  and  a  half  revolution.  The  cranks 
being  supposed  at  right  angles,  when  the  h.p.  piston  is  at  beginning 
of  stroke  O  the  l.p.  piston  is  at  half-stroke  K.  A  curve  is  now  drawn 
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for  each  cylinder,  called  the  "  curve  of  piston  displacement,"  through 
the  points  of  intersection  of  the  horizontals  from  the  divisions  on 
the  line  of  revolution,  and  of  the  verticals  from  the  corresponding 

/,     5'  K 


ADMISSION  TO 
L.P.  CYLINDER 


COMPRESSION 
IN  HP.  CY 


LINE  OF   VOLUMES. 

FIG.  159. 

numbers  on  the  crank-pin  circles.  This  curve  gives,  by  horizontal 
measurements  to  it,  as  shown  by  the  shade  lines,  the  volume  of 
steam  in  the  h.p.  cylinder,  including  clearance  for  any  position  of 
the  piston,  before  exhaust.  After  exhaust,  it  gives  the  volume  of 
the  steam  on  the  exhaust  side  of  the  piston,  and  including  the 
receiver  volume  ;  and  finally,  when  both  cylinders  are  in  communica- 
tion, the  horizontal  distance  between  the  lines  gives  the  volume  of 
the  steam  for  any  relative  position  of  the  pistons,  the  displacement 
carves  having  been  drawn  so  that  the  cranks  have  the  required 
relative  position  with  one  another.  In  the  case  chosen,  when  the 
high-pressure  piston  is  at  the  end  of  the  stroke,  as  at  O,  the  low- 
pressure  piston  is  at  half-stroke,  as  at  K. 

We  may  now  follow  the  varying  volume  of  the  steam  in  its  passage 
through  the  compound  engine.  First,  the  high-pressure  clearance  aO 
is  filled  with  steam  at  initial  pressure,  and  the  steam  is  continued  to 
point  of  cut-off  at  half -stroke  in  high-pressure  cylinder,  and  volume 
in  cylinder  =  de.  The  steam  is  then  expanded  till  nearly  the  end  of 
the  stroke,  when  the  exhaust  port  opens,  and  at/  the  steam  passes 
into  the  receiver.  The  exhaust  side  of  the  high-pressure  piston  and 
the  receiver  are  in  communication,  as  shown  by  the  ruled  lines,  until 
the  low-pressure  steam  port  opens  at  h.  Here  the  volume  of  the 
steam  =  gh.  At  m  the  high-pressure  exhaust  port  is  closed,  and 
compression  begins.  At  half-stroke  of  the  low-pressure  piston, 
namely  at  r,  cut-off  takes  place,  and  the  steam  finally  expands  to 
volume  st. 
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The  application  of  the  diagram  (Fig.  159)  to  the  consideration  of 
the  indicator  diagrams  of  compound  engines  is  shown  in  Fig.  160. 
This  figure  shows,  as  before,  the  piston-displacement  curves  for 


3NO 


cranks  at  right  angles,  the  theoretical  indicator  diagram  of  the  high- 
pressure  cylinder  being  drawn  below  the  high-pressure  piston  curve, 
and  the  low-pressure  indicator  diagram  below  the  low-pressure  curve. 
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The  initial  pressure,  being  known,  is  set  up  from  the  zero  line  of 
pressure.  In  the  diagram,  cut- off  takes  place  at  O4  of  the  stroke  in 
the  high-pressure  cylinder,  and  the  initial  pv  being  known,  all  other 
points  in  the  cycle  may  be  determined,  assuming  hyperbolic  expansion, 
as  follows  : — 

In  the  equations,  the  subscript  figures  refer  to  corresponding 
figures  on  the  portions  of  the  figure  representing  the  theoretical 
indicator  diagram.  Thus  vs  =  volume  of  steam  at  point  3,  measured 
from  beginning  of  stroke — that  is,  from  vertical  line  AO  and  to  the 
left  in  the  high-pressure  diagram,  and  from  vertical  line  through 
B  and  to  the  right  in  the  low-pressure  diagram.  When  the  exhaust 
side  of  the  high-pressure  cylinder  is  in  communication  with  the  low- 
pressure  cylinder,  then  the  volume,  including  that  of  the  receiver, 
is  given  by  the  horizontal  intercept  between  the  lines  of  piston 
displacement. 

Since,  for  the  purpose  of  this  diagram,  it  may  be  assumed  that  pv  = 
a  constant  — 

J>i(»i  +  CA)  =  l?io(»io  +  <0 (1) 

from  which  the  terminal  pressure  is  obtained.  And  the  point  of  cut- 
off in  the  low-pressure  cylinder  being  known,  then — 

P»(*>9  +  <0  =  pw(vw  +  c,) (2) 

From  which  pd,  or  the  pressure  at  cut-off  in  the  low-pressure  cylinder, 
and  therefore  also  the  pressure  in  the  receiver  at  that  time,  is  known. 

Then  the  pressures  at  all  other  points  may  be  obtained  by  the 
following  equations : — 

Referring  to  the  theoretical  indicator  diagrams  in  the  lower  part  of 
Fig.  160,  then  for  the  high-pressure  cylinder — 

Pi(?i  +  <0  =  P&2  +  O (3) 

At  point  2  the  steam  exhausts  and  mixes  with  that  in  the  receiver, 
which  is  at  some  pressure  pd  previously  calculated. 

P&t  +  ck)+p&=pt(v3  +  ch  +  K).     ...     (4) 

But  during  the  return  of  the  high-pressure  piston,  so  long  as  the  low- 
pressure  cylinder  is  not  open  to  receive  steam,  the  volume  enclosed 
is  for  the  moment  reduced,  hence  the  pressure  rises  to  p4  until  the 
low-pressure  valve  opens  the  port  to  steam,  when  the  pressure  instantly 
falls  to  p5. 

P*(»*  +  ch  4-  B)  =  P^  -h  <V  +B)    .     .    .     .     (5) 

When  the  low-pressure  valve  opens  to  steam,  the  receiver  steam 
mixes  with  that  in  the  clearance  space  of  the  low-pressure  cylinder ; 
thus — 

P*(v*  +  ch  +  R)  +  puct  =  p5(v5  +  ch  +  B  +  c,)   .     .     (6) 
This   action  continues,   and    meanwhile    the   low-pressure   piston  is 
moving  forward  and  increases  the  displacement,  causing  the  pressure 
to  fall    to  p6,  when  the  high-pressure  exhaust-valve  closes,  and  com- 
pression begins  in  the  high-pressure  cylinder  ;  then — 

+  ch  +  ft  +  c,    =  +  ck  +  R  +  C|  +  08)      .     (7) 
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where  vs  is  the  volume  displaced  by  the  low-pressure  piston  from  the 
beginning  of  its  stroke,  and  which  volume  may  be  measured  by  the 
horizontal  intercepted  between  the  lines  of  piston  displacement,  as 
shown  by  the  dotted  projectors. 

The  back  pressure  pn  in  the  low-pressure  cylinder  is  fixed — 

(Pi&)  =  Pn('»n  +  ct) (8) 

The  same  principles  may  be  further  extended  to  represent  the 
changes  in  any  number  of  cylinders  by  taking  two  at  a  time. 

Over  the  low-pressure  diagram  the  high-pressure  diagram  is  shown 
dotted.  It  has  been  transferred  from  the  opposite  side  of  the  figure 
to  show  more  clearly  the  relation  between  the  diagrams. 

To  combine  Indicator  Diagrams  of  Compound  Engines  (Fig.  161).— 
This  is  a  method  of  constructing  the  diagrams  to  a  common  scale  of 


o  10  20  30 

SCALE  OF  VOLS.  IN  CUB. FT. 

FIG.  161. 

volumes  and  pressures  for  the  purpose  of  showing  the  relative  work 
areas  to  a  uniform  scale,  and  of  seeing  where  the  losses  occur  which 
are  peculiar  to  compound  engines. 

The  original  indicator  diagrams  for  each  cylinder  are  first  divided 
into  ten  equal  parts,  as  in  the  ordinary  way,  and  the  clearance  line 
and  saturation  curve  are  drawn  on  the  original  diagrams  by  the  method 
already  described  (p.  116). 

Then  taking  a  length  of,  say,  about  12  in.  for  the  length  of  the 
low-pressure  diagram,  set  off  on  a  horizontal  line — which  may  serve 
as  the  scale  of  volumes  and  as  the  absolute  zero  line  of  the  pressure, — 
a  distance  so  that  the  length  of  the  low-pressure  diagram  repre- 
sents, to  the  scale  chosen,  the  piston  displacement  of  the  low-pressure 
cylinder. 

To  the  same  scale  set  back  the  clearance  volume  AS  of  the  low- 
pressure  cylinder.  Through  point  A  raise  a  perpendicular  line,  which 
is  called  the  clearance  line,  or  the  zero  line  of  volumes,  and  from  this 
zero  mark  off  the  scale  of  volumes  as  shown  in  Fig.  161.  This  scale 
is  the  scale  of  all  volumes  measured  on  the  diagram. 
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The  common  scale  of  pressures  chosen  may  be  that  of  the  original 
low-pressure  indicator  diagram,  or  some  multiple,  say  1-5  of  that 
scale.  Then  first,  to  complete  the  extended  low-pressure  diagram, 
divide  the  length  chosen  for  this  diagram  into  the  same  number  of 
divisions  (namely  ten)  as  marked  on  the  original  indicator  diagram, 
and  set  up  to  the  scale  chosen  on  the  respective  division  lines  of  the 
enlarged  diagram,  the  absolute  forward  and  backward  pressures  given 
at  the  corresponding  divisions  of  the  original  diagram.  These  points, 
when  joined  up  by  a  free  curve,  will  be  a  reproduction  to  an  extended 
scale  of  the  original  indicator  diagram. 

To  reproduce  the  high-pressure  diagram  to  the  new  scales,  set  off 
the  clearance  volume  and  piston  displacement  of  the  high-pressure 
cylinder  to  the  same  scale  of  volume  as  used  for  the  low-pressure 
cylinder,  and  divide  the  piston  displacement  into  ten  equal  parts. 
Then  transfer  to  these  division  lines  the  absolute  forward  and  back 
pressure  given  at  the  corresponding  division  lines  of  the  original  high- 
pressure  indicator  diagram.  The  original  indicator  diagrams  should 
first  be  measured  with  the  scale  of  the  spring  used  in  taking  the 
diagram,  and  the  actual  absolute  forward  and  back  pressures  marked 
upon  them,  so  that  these  numbers  can  be  transferred  at  once  to  the 
combined  diagram  with  the  enlarged  scale  of  pressures. 

If  the  scale  of  the  original  low-pressure  diagram  is  ~,  and  that 
of  the  high-pressure  diagram  -L,  then,  if  the  scale  of  pressures  chosen 
for  the  combined  diagram  is  ^0  >  the  vertical  dimensions  of  the  diagrams 
on  the  enlarged  scale  will  be  ~  of  the  original  scale  of  pressures  for 
the  low-pressure  cylinder,  and  —  of  the  original  scale  for  the  high- 
pressure  cylinder. 

The  saturation  curve  is  transferred  from  the  original  diagram 
to  the  combined  diagram  in  each  case,  by  the  method  of  "dry  steam 
fraction." 

It  is  probable  that  the  saturation  curve  of  the  respective  cylinders 
will  not  coincide — that  is,  will  not  be  continuous.  This  could  only 
occur  if  the  same  weight  of  cushion  steam  was  retained  in  each 
cylinder.  Generally  the  weight  of  cushion  steam  is  less  in  the 
lower-pressure  cylinders,  and  therefore  the  saturation  curve  of  the 
first  cylinder  falls  outside  that  of , the  second  cylinder. 

In  each  cylinder  we  have  during  expansion  the  weight  of  steam 
supplied  from  the  boiler  per  stroke,  called  the  "cylinder  feed,"  and 
the  steam  retained  in  the  clearance  space  at  compression.  In  the 
diagram  (Fig.  161)  the  compression  curve  of  the  low-pressure  diagram 
is  carried  up  by  a  dotted  line  to  any  horizontal  line,  in  this  case  the 
atmospheric  line,  and  the  compression  curve  of  the  high-pressure 
diagram  is  brought  down  to  the  same  line.  Then  AB  =  weight  of 
cushion  steam  in  the  low-pressure  cylinder,  and  AS  =  weight  of 
cushion  steam  in  the  high-pressure  cylinder ;  also  SR  =  BE  = 
"  cylinder  feed  "  per  stroke. 


CHAPTER    \7III. 

SUPERHEATED    STEAM. 

THE  temperature  of  saturated  steam  depends  upon  its  pressure.  If  heat 
be  taken  from  it,  some  of  the  steam  is  condensed,  but  the  temperature 
of  what  remains  is  unchanged  so  long  as  the  pressure  is  unchanged. 

If  heat  be  added  to  the  steam  when  it  is  not  in  contact  with  water, 
its  temperature  will  be  raised  above  that  due  to  its  pressure  ;  in  other 
words,  it  will  be  superheated. 

The  temperature  of  saturated  steam  in  the  presence  of  water  cannot 
be  raised  without  raising  its  pressure.  On  the  other  hand,  steam  may 
be  superheated  without  raising  its  pressure  if  the  steam  be  permitted 
to  expand  as  the  heat  is  added.  If  steam  were  superheated  in  a  closed 
chamber  where  no  expansion  is  possible,  then  the  pressure  would 
increase  with  the  temperature,  as  in  the  case  of  any  ordinary  gas.  But 
in  practice  the  steam  is  used  in  the  engine  as  fast  as  it  is  generated, 
and  the  displacement  of  the  piston  is  practically  an  indefinite  extension 
of  the  volume  of  the  steam  space  of  the  boiler. 

Hence  the  effect  of  superheating  the  steam  which  passes  through 
the  superheater  at  constant  pressure  is  to  increase  its  volume  per 
pound  at  the  given  pressure,  the  increase  of  volume  being  assumed — 
in  the  present  state  of  our  knowledge  of  the  subject — to  be  proportional 
to  the  increase  of  its  absolute  temperature. 

Superheated  Steam  previously  used  and  afterwards  abandoned.— 
In  1859,  in  a  paper  read  before  the  Institution  of  Mechanical  Engineers 
on  superheated  steam,  by  Mr.  John  Perm,1  several  cases  were  referred 
to  in  which  superheated  steam  was  then  being  used  successfully,  and 
for  some  ten  years  afterwards  superheaters  were  frequently  applied, 
especially  in  marine  work. 

In  1860  particulars  were  given1  of  Parson  and  Pilgrim's  method  of 
superheating,  as  carried  out  on  the  boilers  of  passenger  steamers  then 
running  on  the  Thames.  This  method  consisted  of  cast-iron  pipes 
placed  in  the  fire-grate,  and  showed  that  even  in  those  days  the  im- 
portance was  appreciated  of  placing  the  superheater  near  the  furnace, 
and  not  merely  in  the  uptake,  to  be  heated  by  waste  gases,  as  was  the 
case  generally  in  the  marine  practice  of  that  time. 

But  at  an  early  period  in  the  history  of  superheating,  it  was  found 
generally  that  if  superheating  was  carried  beyond  about  from  400° 
to  500°  Fahr.,  trouble  was  liable  to  occur  in  the  form  of  scored 
cylinders  and  valve  faces,  the  cause  of  which  was  probably  due  to 

1  Proc.  List  Mech.  Engineers,  1859  and  1860. 
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defective  lubrication.  The  tallow,  which  was  the  lubricant  of  that 
time,  decomposed  at  temperatures  lower  than  that  of  the  steam  in  the 
valve-chest,  and  the  charred  residue  was  worse  than  useless  for  the 
purpose  for  which  it  was  intended. 

It  was  also  found  that  the  superheater  tubes  were  sometimes  burnt 
out,  owing  probably  to  a  solid  deposit  on  the  inside  of  the  super- 
heater tubes  through  the  use  of  salt  feed- water.  This  was  before  the 
days  of  the  surface  condenser. 

Considerable  attention  had  also  been  given  to  superheating  from 
an  early  period  by  the  Alsatian  engineers,  and  in  1857  Mr.  Hirn 
issued  a  report  of  trials  and  experiments  made  by  him  on  the  value  of 
superheating,  which  showed  that  a  large  gain  might  be  expected 
from  the  use  of  superheated  steam.  The  boiler  pressure  used  by 
him  was  55  Ibs.,  and  with  steam  superheated  from  410°  to  490°  Fahr. 
he  obtained  economies  of  from  20  to  47  per  cent. 

Superheaters  continued  to  be  used,  more  or  less,  down  to  abou» 
1870,  after  which  they  were  rapidly  abandoned. 

The  abandonment  of  superheating  was  probably  due  to  the  intro- 
duction, about  that  time,  of  steam  of  higher  pressures  and  higher 
normal  temperatures,  accompanied  by  the  rapid  introduction  of  the 
compound  engine,  as  it  was  found  that  by  these  means  the  economy 
obtainable  by  superheating  might  be  more  easily  secured,  and  with 
fewer  mechanical  difficulties.  Accordingly  engineers  devoted  them- 
selves to  increasing  the  range  of  steam-pressures,  and  to  the 
development  of  multiple-expansion  engines.  But  with  saturated 
steam  the  limit  of  efficiency  is  now  nearly  reached  ;  and  engineers 
are  once  more  reverting  to  superheating,  in  which  direction  a  large 
advance  on  present-day  efficiency  may  be  expected,  and,  in  fact,  is 
now  being  obtained. 

The  specific  heat  of  superheated  steam  at  constant  pressure,  accord- 
ing to  Regnault,  -  0'4805,  and  at  constant  volume  =  0-346. 

The  total  heat  (H4)  of  superheated  steam  is  the  heat  required  to 
raise  the  temperature  of  1  Ib.  of  water  at  32°  Fahr.  to  the  boiling-point 
(t^)  due  to  the  pressure  (p^  ;  then  to  convert  it  into  saturated  steam 
at  the  same  pressure  ;  and  finally  to  superheat  the  steam  to  some 
temperature  tt  while  the  pressure  p1  remains  constant.  Then — 

H,  -  H!  +  0-48  (t.  -  *,) 

where  Hx  =  the  total  heat  of  saturated  steam  at  pressure  plf 

Temperature-Entropy  Diagram  for  Superheated  Steam.— In  Fig. 
162,  let  aAB/c  represent,  by  an  area  in  heat-units,  the  heat  required 
to  generate  1  Ib.  of  saturated  steam  at  temperature  Tz.  The  method 
of  constructing  this  diagram  is  explained  on  p.  42. 

If  now  this  steam  be  superheated  to  some  temperature  T,,  the 
additional  heat  required  =  Q,  =  0'48(Tg  —  Tj),  and  the  area  represent- 
ing the  superheat  is  drawn  by  setting  off  first  the  entropy  cd  of  the 
superheated  steam  on  the  scale  of  entropy,  making  cd  =  0'48(loge  Tf 
—  loga  Tj) ;  and  from  d  raising  a  perpendicular  dTs  to  a  height  T,  equal 
to  the  absolute  temperature  of  the  superheat.  The  line  /  T,  is  a  line 
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of   constant   pressure,  and    with   the    scale   usually  adopted   is    very 
nearly  straight  for  small  ranges  of  temperature.     For  a  large  range 

points  may  be  found  for  inter- 
mediate temperatures,  and  a 
free  curve  drawn  through  them. 
Then  the  total  heat  required  to 
generate  1  Ib.  of  superheated 
steam  from  water  at  tempera- 
ture T2  to  steam  at  Tu  and  then 
to  superheat  it  to  T,,  is  repre- 
sented by  the  area  aT2  T,/T,  da. 
If  the  steam  expands  adia- 
batically  from  T,  to  T2,  then  the 
work  done  by  the  1  Ib.  of  super- 
heated steam,  if  there  were  no 
losses,  is  represented  by  the  area 


FIG.  162. 


When  the  pressure  of  the 
superheated  steam  has  fallen  by 
expansion  to  g,  namely,  where 
the  saturated-steam  line  fm  is 
cut  by  the  adiabatic  line  T/7, 

the  temperature  has  now  fallen  to  that  of  saturated  steam,  and  the 
steam  at  this  point  g  is  dry,  but  is  no  longer  superheated.  If 
the  expansion  is  continued,  the  steam  now  becomes  wet,  and  at  li 
the  weight  of  moisture  present  =  (Jim  -f-  T2m)  Ib. 

To  find  the  value  of  the  dryness  fraction  x2  —  T2h  -f-  T2w?,  we  have  — 


from  which  ar2  may  be  obtained,  where  fa  and  fa  =  entropy  of  water 
at  Tj  and  T2  respectively  (see  Entropy  Tables  in  Appendix).  From 
Fig.  162,  these  values  are  represented  by  — 

ad  -f  oa  =  be  -f-  ob  +  cd 

The  efficiency  of  that  portion  of  the  heat  added  as  superheat,  apart 
from  its  practical  effect  in  reducing  cylinder 
condensation,  may  be  seen  by  considering  the 
somewhat  exaggerated  temperature  -  entropy 
diagram,  Fig.  163. 

Let  ABCDH  represent  the  heat  contained  in 
1  Ib.  of  saturated  steam  at  pressure  and  tem- 
perature C,  and  let  HDEG  represent  the  heat 
,  .E  added  as  superheat.  Then,  if  the  superheated 
steam  in  the  cylinder  be  expanded  down  to  back 
pressure  BM,  the  steam  at  release  would  be  dry 
saturated  steam  without  any  superheat,  and 
the  efficiency  of  the  superheat  =  SDEM  — 
HDEG. 

For  the  case   where  steam  is  superheated  at  release,  if  the  steam 
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in  the  cylinder  at  some  high  temperature,  E,  is  expanded  along  the 
adiabatic  line  EG  to  some  lower  pressure,  F  (at  which,  however,  the 
steam  is  still  superheated),  then,  if  release  takes  place,  the  super- 
heated steam  will  follow  the  constant-volume  lines  FKKL  till  it 
falls  to  the  back-pressure  line  BL.  The  efficiency  of  the  superheat 
is  NDEFKN -4- HDEG,  and  the  loss  due  to  release  taking  place 
before  the  whole  of  its  superheat  had  been  used  is  SNKFMS.  The 
heat-equivalent  of  these  areas  can  be  measured  from  the  temperature- 
entropy  chart  in  heat-units. 

The  constant-volume  curve  from  K  is  drawn  by  taking  the  specific 
heat  of  steam  at  constant  volume  O346  and  drawing  the  curve  KF  as 
DE  was  drawn  for  constant  pressure,  substituting  O346  for  O48. 

It  will  be  evident  from  this  diagram  that  no  important  gain  can  be 
theoretically  expected  from  superheating. 

Superheating  and  Evaporating  Surface.— Heat  employed  to  super- 
heat the  steam  increases  the  number  of  units  of  heat  carried  to  the 
engine  per  pound  of  steam  supplied.  Also  the  heat  available  for 
evaporation  of  water  is  reduced  by  the  amount  employed  in  super- 
heating the  steam.  Thus,  suppose  10  per  cent,  of  the  heat  from  the 
furnace  gases  employed  in  superheating  the  steam,  instead  of  evaporat- 
ing water  on  an  extended  heating  surface  of  the  boiler.  The  effect 
will  be  10  per  cent,  less  water  evaporated  per  pound  of  coal  burnt, 
and  the  steam  generated  will  carry  away  to  the  engine  10  per  cent. 
additional  heat  as  superheat.  Considering  the  boiler  and  superheater 
as  one  plant,  the  efficiency  of  this  plant  is  unchanged,  provided  the 
temperature  and  quality  of  the  chimney  gases  is  the  same  in  both 
cases ;  the  heat  supplied  by  the  coal  having  been  actually  taken  up 
in  some  form  by  the  working  fluid,  whether  to  evaporate  water  or  to 
superheat  steam  is  immaterial  from  the  point  of  view  of  the  efficiency 
of  the  steam  generator. 

The  effect,  however,  on  the  efficiency  of  the  steam  as  a  working  fluid 
is  very  marked,  as  will  be  shown. 

Temperature  of  Superheat  required  to  maintain  the  Steam  dry  up 
to  Cut-off. — From  experiments  made  by  the  author  on  the  behaviour 
of  superheated  steam  in  a  small  Schmidt-engine  cylinder,  it  appears 
that  the  amount  of  superheat  necessary  to  reduce  the  initial  condensa- 
tion up  to  cut-off  by  any  required  amount  is  given  approximately  by  the 
following  rule  : l  namely,  that  for  each  1  per  cent,  of  wetness  at  cut-off, 
7 '5°  Fahr.  of  superheat  must  be  present  in  the  steam  on  admission  to 
the  engine  to  render  the  steam  dry  at  cut-off.  (A  rise  of  7 '5°  Fahr. 
will  be  equal  to  7'5  x  048  =  3*6  thermal  units.) 

For  example,  suppose,  in  a  simple  engine,  when  using  saturated 
steam,  25  per  cent,  of  the  steam  is  condensed  up  to  cut-off,  and  it  iy 
required  to  find  how  much  superheat  is  necessary  to  secure  dry  steam 
in  the  cylinder  at  cut-off.  Then,  by  the  rule,  since  1  per  cent,  of 
wetness  requires  7'5°  Fahr.  of  superheat,  25  per  cent  of  wetness  will 

1  Deduced  by  Mr.  Michael  Longridge  from  the  author's  experiments.  See  the 
discussion  on  the  author's  paper  on  "  Superheated  Steaiu  Engine  Trials,''  Proc. 
Inst.  C.E.,  vol.  cxxviii. 
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require  7'5  x  25  =  187-5°  Fahr.  of   superheat  =  (187-5  X  0-48)  =  90 
thermal  units  per  pound  of  steam. 

These  figures  apply  only  to  the  experiments  above  referred  to,  and 
they  will,  of  course,  be  subject  to  some  modification  for  the  numerous 
types  of  engines  and  variable  conditions  occurring  in  practice. 

In  such  an  engine  as  the  one  above  described,  only  75  per  cent,  of 
the  steam  is  engaged  in  the  performance  of  useful  work.  The  heat 
supplied  per  pound  of  saturated  steam  would  be  approximately  1000 
units  from  temperature  of  feed-water,  and  the  efficiency  of  the  heat 
about  10  per  cent.  ;  that  is,  100  thermal  units  are  converted  into  work 
for  1000  units  supplied. 

But  by  the  addition  of  90  thermal  units  as  superheat,  the  whole  of 
the  1  Ib.  of  steam  is  present  as  dry  steam  in  the  cylinder  at  cut-off, 
and  the  useful  work  done  is  increased  approximately  in  the  proportion 
of  from  75  to  100,  or  a  gain  of  3 3  -3  per  cent.  That  is,  we  now  have 
133-3  units  of  heat  converted  into  work  for  an  expenditure  of  1090 
units;  or  an  efficiency  of  133-3-7-1090  X  100  =  12-23  per  cent.,  as 
against  10  per  cent,  without  superheat.  This  shows  a  very  large 
efficiency  for  that  portion  of  the  heat  used  to  superheat,  namely, 
33-3  -f-  90  x  100  =  37  per  cent. 

Using  the  same  numerical  example,  it  may  be  seen,  also,  how  super- 
heating reduces  the  ex- 
tent of  the  heat-exchange 
between  the  steam  and 
the  cylinder- walls ;  for 
since  7  -5°  of  superheat  per 
pound  of  steam  prevents 
1  per  cent,  of  initial  con- 
densation, we  have  7'5x 
0-48  =  3-6  heat-units  ab- 
sorbed by  the  walls,  in- 
stead of  1  per  cent,  of  the 
latent  heat  of  the  initial 
steam,  which  for  steam  at 
100  Ibs.  pressure  =  883  -3 
X  1  -7-  100  =  8-83  heat- 
units,  or  2-45  times  as 
much  heat.  When  the 
superheat  is  sufficient  to 
maintain  the  steam  dry 
at  release,  the  heat-ex- 
change is  still  further 
reduced. 

The    same   effects   may 
be  shown  graphically  by 

FIG.  164.  the  aid  of  Fig.  164.  Thus, 

suppose      dry      saturated 

steam   supplied   to  an   engine,   and   that  the   condensation  at    cut-off 
was    50    per  cent.      Then  area  abode  =  heat   supplied  per  pound  of 
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steam ;  and  the  work  area,  when    the    steam   is    expanded    down   to 
exhaust    pressure,  =  shaded    area 
cfgb.     The   loss   of    work    due   to 
condensation  =  areafdhg. 

To  prevent  this   loss  by  means 
of  superheating,  by  the  rule  given 
above,  for  every  75°  of  superheat 
added   to   the    steam,  wetness  at 
cut-off  is   reduced    10    per   cent.,    3 
and   the    work    area    cfgb  is  gra- 
dually extended  towards  the  right 
as   more    and    more    superheat   is    jaoo- 
added,  until  with  375°  of   super-    $2£ 
heat  (=  7-5  x  50)   the   steam   is    °2£ 
dry  at  cut-off,  and  the  whole  area    | 
cdhb   is    now    available    as    useful    * ISO 
work. 

That  is,  in  order  to  obtain  the 
work  area  cfgb  with  saturated 
steam,  the  heat-units  expended  = 
area  abcde,  and  the  efficiency  — . 
cfgb  -7-  abcde  ;  but  by  the  addition 
of  the  much  smaller  area  edst  heat-units  as  superheat,  the  work  area 
is  nearly  doubled,  and  the  efficiency  is  now  cdhb  -7-  abcdst.  Hence  the 
economy  of  heat  employed  as  superheat. 

The  numerical  values  of  these  areas  should  be  plotted  for  actual 
examples  on  the  chart,  Plate  I.,  and  measured  by  the  student  with  a 
planimeter. 

The  effect  on  steam-consumption  of  gradually  increasing  amounts 
of  superheat  is  well  seen  by  Fig.  165,  illustrating  the  steam-con- 
sumption with  a  small  single-acting  Schmidt  motor,  having  a  pair  of 
7-in.  cylinders,  stroke  11'8  in.,  running  at  180  revolutions  per  minute, 
and  supplied  with  steam  with  varying  degrees  of  superheat. 

According  to  the  rule  above  stated,  engines  of  the  best  types  having 
a  minimum  loss  by  initial  condensation  will  require  steam  less  highly 
superheated  than  engines  of  an  inferior  type  having  a  larger  loss  by 
initial  condensation. 

To  obtain  dry  steam  at  release,  the  steam  at  cut-off  will  Le  more 
or  less  superheated  (see  Fig.  167),  and  this  condition  of  things  requires 
a  further  amount  of  superheat  of  from  50°  to  100°,  depending  on  the 
number  of  expansions,  being  greater  as  the  expansions  increase.  It 
is  also  necessary  to  superheat  the  steam  in  the  superheater  to  a 
higher  degree  than  is  required  at  the  engine,  because  of  the  loss  of 
heat  which  occurs  in  the  passage  from  one  to  the  other.  This  loss 
depends  upon  the  length  of  piping  and  upon  the  quality  and  amount 
of  the  non-conducting  lagging  employed. 

Reasons  of  Gain  by  Superheating. — The  object  of  superheating  is 
to  secure  dry  steam  in  the  cylinder,  and  the  actual  gain  in  practice 
which  follows  the  use  of  superheated  steam  is  due  to  the  more  or  less 
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complete  removal  of  the  loss  by  cylinder  condensation  ;  for  when  the 
working  fluid  is  saturated  steam,  no  transfer  of  heat,  however  small 
in  amount,  can  take  place  from  the  steam  to  the  metal  without 
accompanying  deposition  of  water  in  the  cylinder,  which,  during  the 
exhaust  stroke,  is  evaporated  at  the  expense  of  the  heat  of  the 
cylinder- walls. 

The  result  is,  that  the  mean  temperature  of  the  cylinder-walls 
with  saturated  steam  is  much  below  that  of  the  steam  on  entering 
the  cylinder.  On  the  other  hand,  when  the  steam  is  sufficiently 
highly  superheated  it  is  in  a  far  more  stable  condition  than  before 
the  superheat  was  added,  and  can  part  with  the  whole  of  its  super- 
heat to  the  cylinder-walls  without  undergoing  any  liquefaction. 

The  drier  the  steam  at  cut-off,  the  more  work  is  done  per  pound 
of  steam  passing  through  the  cylinder.  The  drier  the  steam  at 
release,  the  less  demand  upon  the  cylinder- walls  during  exhaust  for 
heat  of  re-evaporation,  and  the  higher  the  mean  temperature  of  the 
cylinder- walls.  A  dry  cylinder  at  release  parts  with  little  heat  to 
the  comparatively  non-conducting  medium  passing  away  during 
exhaust,  hence  the  smallness  of  the  heat-exchange  between  the 
steam  and  the  cylinder- walls  under  such  conditions. 

Superheating  thus  removes  the  principal  source  of  loss  of  heat 
by  the  walls,  namely,  water  in  the  cylinder  at  release,  and  reduces 
also  the  amount  of  the  heat-exchange  between  the  steam  and  the 
walls  to  a  minimum,  i 

Effect  of  Superheat  upon  Heat-exchange  in  the  Cylinder. — By 
the  aid  of  ths  method  described  as  Hirn's  analysis  on  p.  120,  it 


FIG.  166.— Wet  steam  throughout 
expansion. 


FIG.  167.— Superheated  steam 
throughout  expansion. 


is  possible  to  show  by  areas  the  effect  of  superheat  in  reducing  the 
extent  of  the  heat-exchange  between  the  steam  and  the  cylinder- 
walls  in  any  actual  case. 

The  method  consists  in  finding  the  heat  missing  from  the  steam  at 
cut-off,  due  to  absorption  of  the  heat  by  the  cylinder- walls,  and 
representing  the  same  by  a  rectangular  area  drawn  to  the  same  scale 
of  heat-units2  as  the  indicator  diagram  (see  Figs.  168  to  170). 

The  heat  missing  at  cut-off  =  (total  heat  supplied  in  the  steam  per 
stroke)  +  (heat  in  steam  enclosed  at  compression)  +  (work  done  upon 

1  Superheating  is  also  said  to  greatly  reduce  the  loss  by  leakage  between  the 
slide  valve  and  the  face  of  the  ports. 

2  The  scale  of  the  indicator  diagram  in  heat-units  =  total  work  in  foot-lbs.  -j-  778. 
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the    steam    during    compression)  —  (work    done    during    admission)  — 
(heat  remaining  in  steam  at  cut-off). 

Using  the  same  symbols   as   employed    in   Hirn's    analysis,  p.  120. 
then,  when  Qtt  =  heat  missing  at  cut-off— 

(1)  For  steam  not  superheated  at  cut-off  (Fig.  166)  : — 

Q  +  M0(fc0  +  oyO  +  AW<*  -  AWtt  4-  Qa  +  (M  +  M0)(J 

(2)  For  steam  superheated  at  cut-off  (Fig.  167) :— 

Q  +  M0(/*u  +  x^  +  AW.  =  AWa  +  Qa  +  (M  +  M0)  { 

<*('.  -  OJ 

from  which  Qrt  may  be  obtained. 

The  value  of  4  the  absolute  temperature  of  the  superheated  steam 
at  cut-off,  is  obtained  by  measuring  to  scale  from  the  clearance  line 


Pl 


FIG.  168.— High 
superheat. 


FIG.  169.— Medium 
superheat. 


FIG.  170.— No 
superheat. 


the  volume  vt  of  the  steam  at  cut-off  on  the  indicator  diagram ;  and  to 
the  same  scale  the  volume  vn  of  saturated  steam  measured  to  the 
saturated-steam  curve.  Then  it  is  assumed  that  the  steam  behaves  as 
a  perfect  gas,  and  expands  in  proportion  to  its  absolute  temperature  ; 
and  tt  :  tn  : :  vs  :  v,,. 

From  a  series  of  trials  made  by  the  author,  the  diagrams  Figs.  168, 
169,  170  have  been  drawn,  showing  the  way  in  which  the  extent  of 
the  heat-interchange  with  the  cylinder  walls  during  admission  is 
reduced  by  superheating.  The  heat-exchange  area,  shown  shaded, 
and  equal  in  value  to  Q^  in  the  above  formula,  is  drawn  to  the  same 
scale  as  the  work-area  of  the  indicator  diagram  expressed  in  heat- 
units.  The  Figs.  168  to  170  show  how  the  heat-exchange  becomes 
smaller  as  the  degree  of  superheat  increases,  or,  in  other  words,  as 
the  dryness  of  the  steam  up  to  cut-off  increases.  The  power  and 
speed  of  the  engine,  and  therefore  also  the  area  of  the  indicator 
diagram,  are  constant  throughout. 

Effect  of  Superheat  on  Weight  of  Steam  required  per  Stroke.— 
With  a  constant  speed  and  power  of  engine,  and  a  constant  area  of 
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indicator  diagram,  but  a  varying  degree  of  superheat  in  the  steam, 
the  relative  weights  of  steam  passing  through  the  cylinder  per  stroke, 
may  be  shown  by  placing  the  dry-steam  curve  upon  the  diagram  as 
explained  on  p.  116. 

Then  for  the  constant- work  diagram,  shown  shaded  (Fig.  171),  the 
weight  of  steam  required  per  stroke  when  no  superheat  is  used  is 
represented  by  ad  Ibs. 


FIG.  171. 


FIG.  172. 


If  the  steam  supplied  to  the  engine  be  sufficiently  superheated  to 
render  the  steam  superheated  at  cut-off,  then  the  weight  of  steam 

now  required  per  stroke  =  — _  of  the  weight  required  when  no  super- 

ad 

heat  was  used.  When  some  intermediate  degree  of  superheat  is 
employed,  the  weight  of  steam  passing  through  the  cylinder  per 

stroke  =  —  of  the  weight  required  when  no  superheat  is  used. 

Effect  of  Superheat  on  Work  done  per  Pound  of  Steam.— The  effect 
on  the  pressure-volume  diagram  of  superheating  the  steam  is  shown 
by  Fig.  172,  where  pf  represents  the  volume  of  1  Ib.  of  steam  at 
pressure  op,  and  pa  -^-pf  is  the  dry-steam  fraction  at  cut-off.  Then, 
if  the  steam  expand  down  to  the  terminal  pressure  6,  area  poked 
represents  approximately  the  proportion  converted  into  work  by 
saturated  steam ;  and  fg  is  the  line  of  constant-steam  weight.  If 
the  steam  be  superheated  sufficiently  to  secure  dry  steam  at  cut-off, 
and  it  is  expanded  down  to  the  same  terminal  pressure,  then  as 
expansion  proceeds  the  expansion  curve  fs  will  fall  within  the  dry- 
steam  line  fg,  and  the  steam  will  become  wet,  and  the  area  pfstd  is 
the  work  area.  The  gain  due  to  superheat,  being  equal  to  the 
difference  of  the  two  areas,  =  pfstd  —  paled.  If  the  superheat  be 
increased  so  as  to  secure  dry  steam  at  release,  then  the  steam  is 
superheated  at  cut-off,  and  its  temperature  T,  at  point  of  cut-off 

m  =  TM  x  -  /-,  where  Tn  is  the  temperature  of  saturated  steam  at 

the  pressure  at  point  m.  The  superheat  gradually  disappears  as  the 
expansion  proceeds,  till  the  steam  falls  to  the  temperature  of  dry 
steam  at  g.  This  last  condition  is  the  condition  of  maximum 
theoretical  efficiency. 

The  effect  of  superheat  in  increasing   the  effective  work   done  per 
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pound  of  steam  is  well  shown  by  the  aid  of  the  temperature-entropy 
diagram.  Fig.  173  is  illustrative  of  the  kind  of  figures  obtained  in 
this  way. 

This  diagram,  is  drawn  from  the  indicator  diagrams,   having  first 
obtained  the  weight  of  steam  used  per  stroke,  also  the  dryness  frac- 
tion of  the  steam,  using  different  degrees  of 
superheat    in  each    case,  but  maintaining  a 
constant   speed  and  power.     They  are  then 
transferred    direct    to    the    temperature-en- 
tropy chart  (see  p.  116). 

Thus,  if  the  area  abed  represent  in  thermal 
units  the  work  done  per  pound  of  steam 
when  no  superheat  is  used,  then  the  addi- 
tion of  a  moderate  amount  of  superheat  has 
the  effect  of  increasing  the  dryness  fraction 
of  the  steam,  and  thus  increasing  the  effec- 
tive-work area  abed  to  aefd.  If  sufficient 
superheat  be  added  to  maintain  the  steam 
in  a  superheated  condition  at  cut-off  and 
throughout  expansion,  then  the  dryness  line 
passes  outside  the  saturated-steam  line,  and 
a  peak  rises  to  a  point  s,  the  height  of  which 
depends  upon  the  actual  temperature  of  the 
steam  in  the  cylinder,  and  is  determined  as 

already  described  on  p.  152,  where  t,  =  tn—. 

Then  the  effective-work  area  per  pound  of 
steam  =  amsngd. 

It  will  thus  be  evident  how  superheat,  by  increasing  the  dryness 
fraction  of  the  steam  in  the  cylinder,  increases  the  useful  work  done 
per  pound  of  steam  supplied,  the  steam  previously  lost  in  the 
cylinder  by  initial  condensation  being  now  available  for  useful  work. 

Considering  the  expansion  line  of  these  diagrams,  and  the  extent 
to  which  they  deviate  from  the  vertical  adiabatic  line,  it  will  be  seen 
that  the  wetter  the  steam  is  in  the  cylinder  at  cut-off,  the  greater  the 
flow  of  heat  from  the  walls  to  the  steam  during  expansion,  as  shown 
by  the  slope  of  the  expansion  line  bt  towards  the  dry-steam  line  mn 
as  the  expansion  proceeds  ;  but  the  drier  the  steam  is  at  cut-off,  the 
more  nearly  the  expansion  line  becomes  a  vertical  line  (see  eJc) — in 
other  words,  the  more  nearly  the  cylinder  becomes  non-conducting. 

If  the  superheat  is  sufficiently  high  to  supply  not  only  the  heat 
absorbed  by  the  cylinder  walls,  but  also  to  provide  the  heat-equiva- 
lent of  the  work  done  during  expansion,  then  the  steam  will  be  dry 
at  release ;  and  this  is  the  condition  of  maximum  efficiency  in  a 
single  cylinder. 

If  more  superheat  is  added  to  the  steam  than  is  sufficient  for  the 
purpose  of  securing  dry  steam  at  release,  then  the  steam  is  super- 
heated in  the  exhaust  pipe,  and,  unless  the  engine  is  compound,  the 
superheat  in  the  exhaust  steam  increases  the  loss  at  exhaust. 


FIG.  173. 
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Superheated  Steam  in  Compound  Engines. — It  is  not  practicable  tc 
superheat  the  steam  supplied  to  the  first  cylinder  of  compound  engines 
to  such  an  extent  as  to  secure  superheated  steam  in  the  second  cylinder. 
The  very  high  economies  obtained  in  practice  by  the  use  of  super- 
heated steam  have  been  obtained  in  engines  where  the  steam  in  the 
first  cylinder  only  was  superheated,  and  then  it  is  exceptional  to 
find  the  steam  dry  at  release  in  the  first  cylinder,  even  with  steam  in 
the  high-pressure  valve-chest  at  600°  Fahr. 

In  compound  engines,  although,  by  means  of  high  superheating, 
the  whole  of  the  steam  supplied  to  the  first  cylinder  may  appear  in 
that  cylinder  as  dry  steam,  yet  when  it  passes  forward  to  the  next 
cylinder,  only  about  70  per  cent,  of  it,  or  less,  will  appear  as  steam  at 
cut-off,  the  remainder  being  present  as  water,  if  there  is  no  super- 
heating between  the  cylinders.  The  power  of  the  lower-pressure 
cylinders  is  therefore  much  reduced  as  compared  with  the  power  of 
the  high-pressure  cylinder.  Superheating  between  the  cylinders 
would  add  to  the  power  arid  efficiency  of  the  lower-pressure  cylinders 
for  a  given  weight  of  steam  supplied  to  them ;  and  this  may  be 
accomplished  by  fitting  a  multitubular  reheater  receiver  between  the 
cylinders,  for  reheating  with  superheated  steam,  by  surface  reheating 
(not  by  mixing).  This  is  equivalent  to  jacketing  the  receiver. 

Superheated  steam  may  be  looked  upon,  not  as  a  means  of  obtaining 
a  thermal  efficiency  with  the  steam-engine  in  any  way  proportional  to 
the  temperatures  used  in  the  superheat,  but  as  a  device  for  realizing, 
or  at  least  approaching,  the  full  thermal  efficiency  of  the  saturated 
steam  between  the  range  of  pressures  used  in  the  engine. 

Notwithstanding  what  has  already  been  done,  still  higher  efficiencies 
may  be  expected  to  follow  the  adoption  of  higher  initial  pressures 
combined  with  sufficient  superheating  to  maintain  the  steam  dry 
throughout  the  expansion. 

Admission  of  a  Supplementary  Supply  of  Superheated  Steam 
between  the  Cylinders  of  Compound  Engines. — If  drying  and  super- 
heating the  exhaust  steam,  on  its  way  from  the  high  to  the 
low  pressure  cylinder,  could  be  accomplished  by  the  admission  of  an 
auxiliary  feed  of  highly  superheated  steam  from  the  main  steam-pipe 
to  the  receiver,  it  might  be  supposed  that  the  loss  would  be  more 
than  compensated  by  the  increased  efficiency  of  the  steam  in  the 
following  cylinders.  But  it  will  be  seen  that  this  proposal,  though 
often  made,  is  not  feasible  ;  for,  assuming  the  auxiliary  steam 
supplied  from  the  main  steam-pipe  to  contain  10  per  cent,  additional 
heat  as  superheat — equivalent  to,  say,  100  heat-units  per  pound — then, 
if  the  steam  in  the  receiver  contains  10  per  cent,  of  moisture,  the 
weight  of  auxiliary  feed  necessary,  even  to  dry  the  steam  without 
any  superheating  (that  is,  to  provide  heat-units  =  yo-L,  where 
L  =  latent  heat  of  steam  in  the  receiver),  would  be  nearly  equal  to 
the  total  weight  of  steam  exhausted  into  the  receiver  from  the  first 
cylinder,  which  is  an  altogether  impracticable  quantity, l 

Lubrication.— The  difficulties  which  arose  from  defective  lubrication 
1  Proc.  List.  C.E.,  vol.  cxviii.  p.  86. 
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in  the  earlier  applications  of  superheated  steam  were  probably  due  to 
the  fact  that  the  lubricant — or  at  least  that  portion  of  it  admitted  to 
the  valve-chest,  where  it  would  be.  subjected  to  the  maximum  tem- 
perature of  the  steam — had  all  its  lubricating  properties  destroyed, 
and  its  presence  then  would  be  more  harmful  than  otherwise.  But 
with  the  greatly  improved  quality  of  the  lubricants  now  to  be  obtained, 
and  with  increased  attention  to  the  method  of  application  of  the  lubri- 
cant, this  cause  of  trouble  has  been  removed. 

If  great  care  is  taken  to  prevent  loss  of  heat  by  radiation  between 


SECT  I  ON    ON    C   C 


FIG.  174. 


the  superheater  and  the  engine  by  the  ample  use  of  good  non- 
conductors, then  the  superheated  steam  may  be  delivered  at  a  high 
temperature  up  to  and  surrounding  the  admission  valve ;  but  when  it 
enters  the  cylinder  it  parts  usually  with  the  whole  of  its  superheat  to 
the  cylinder  walls,  the  steam  being  rarely  superheated  at  cut-off  except 
with  very  highly  superheated  steam,  and  then  only  when  the  cut-off  is 
comparatively  late. 

Hen';e  tho  chief  point  requiring  attention  in  regard  to  lubrication  is 
the  steam-admission  valves  rather  than  the  piston. 
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Superheaters. — Fig.  174  illustrates  the  Schmidt  superheater  as  fitted 
to  a  small  vertical  boiler.  It  consists  of  coils  of  tubes  placed  above 
the  boiler,  around  which  the  flue  gases  are  made  to  pass  on  their  way 
to  the  chimney.  The  coils  are  arranged  watch-spring  like,  and  placed 
one  above  the  other. 

The  steam  leaves  the  steam-space  of  the  boiler  by  a  perforated 
tube,  enters  first  the  lowest  coil,  and  then  passes  to  the  next  coil 
above  it.  These  two  coils  are  termed  the  "fore-superheater,"  and 
they  contain  the  wettest  steam ;  they  are  also,  of  course,  subjected  to 
the  highest  temperatures  of  the  flue  gases.  The  steam  then  passes 
from  the  second  coil  into  the  vertical  enlarged  pipe  (called  the  "  after- 
evaporator  "),  and  from  here  it  passes  to  the  topmost  coil  of  the  upper 
or  "  main  superheater."  It  then  flows  downwards  through  the  suc- 
cessive coils  in  a  direction  opposite  to  that  of  the  flow  of  the  chimney 
gases,  and  leaves  the  superheater  at  its  maximum  temperature  from 
the  lowest  coil  of  the  main  superheater  (the  third  coil  from  the 
bottom)  and  passes  forward  to  the  engine.  The  steam  flowing  in 
the  opposite  direction  to  the  chimney  gases  enables  a  high  tempera- 
ture of  steam  to  be  obtained  with  a  comparatively  low  temperature 
of  chimney  gases. 

The   wet    steam   in   the    lowest   coils   is   intended   as   a   protection 

against    overheating    of    these 
!  coils. 

For  regulating  the  super- 
heat, a  valve  is  fixed  at  the 
top  of  the  vertical  flue  tube, 
which  is  closed  when  the  maxi- 
mum superheat  is  required, 
and  the  gases  have  then  all  to 
pass  through  the  superheater 
coils  on  their  way  to  the 
chimney.  To  reduce  the  su- 
perheat the  valve  is  partially 
raised,  and  more  or  less  of  the 
furnace  gases  may  escape  by 
the  chimney  without  passing 
through  the  coils. 

In  experimenting  with  this 
superheater,  the  author  found 
that  if  the  weight  of  steam 
passed  through  the  coils  per 
minute  were  reduced,  then,  in- 
dependently of  the  firing,  the 
temperature  of  the  steam  im- 
mediately began  to  fall ;  on 
the  other  hand,  if  the  weight 
FIG.  1-75.  of  steam  passed  through  the 

coils     per     minute     were     in- 
creased, then  the  temperature  of  the  steam  immediately  began  to  rise 
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also.  From  many  experiments  it  was  found  that,  within  certain 
limits,  the  higher  the  velocity  of  the  steam  passing  through  the 
superheater,  the  more  rapidly  the  heat  was  taken  up  by  the  steam. 


The  Schwoerer  superheater  is  a  type  much  used  on  the  Continent, 
and  with  considerable  success.  It  consists  of  an  arrangement  of  cast- 
iron  pipes  fitted  with  transverse  ribs  on  the  outside  and  longitudinal 
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ribs  on  the   inside,   as    shown  in  Fig.    175.     The   regulation   of   the 
superheat  is  secured  by  dampers. 

Fig.  176  is  an  illustration  of  the  Schwoerer  superheater1  as  fitted 
by  Messrs.  James   Simpson  &  Co.  to  a  Babcock  and  Wilcox  boiler. 


.  177. 


Fig.  177  is  an  enlarged  view  of  the  superheater.  Fig.  178  shows  its 
application  by  the  same  firm  to  a  Lancashire  boiler.  Fig.  179  shows 
an  independently  fired  installation  of  the  Schwoerer  superheater. 
Figs.  180  and  181  show  a  small-tube  type  of  superheater  as  fitted  to 
a  Lancashire  boiler  by  Messrs.  Hick,  Hargreaves  &  Co. 

The  position  of  the  superheater,  in  relation  to  its  distance  from  the 
furnace,  depends  upon  the  extent  of  the  superheat  required  ;  if  the 
steam  is  merely  to  be  dried,  then  the  superheater  may  be  placed  in 
the  waste  gases  beyond  the  boiler-heating  surface.  But  it  is  usually 
desirable  to  place  the  superheater  where  the  temperature  of  the  gases 
is  at  least  1000°  F.  The  higher  the  temperature  of  the  gases  to 
which  it  is  exposed,  the  more  efficient  the  surface,  and  the  smaller 
proportionately  the  surface  required  for  a  given  degree  of  superheat. 

Heat  transmitted  by  Superheaters.—  From  the  results  of  many 
experiments,  Mr.  Michael  Longridge  states  that,  in  order  that  the 
superheater  surface  may  be  efficient,  there  should  be  a  head  of  tem- 
perature between  the  flue  gases  and  the  steam  of  something  like 
400°  F.  With  such  conditions  he  estimates  that  a  heat  transmission 
of  about  five  units  per  square  foot  of  surface  per  hour  per  degree  of 
difference  in  temperature,  the  difference  of  temperature  being  taken  as 
the  difference  between  the  mean  temperature  of  the  flue  gases  and  of  the 
steam  respectively  before  entering  and  after  leaving  the  superheater,2 

1  From  a  paper  on  "  Superheat  ing,'*  by  Mr.  W.  H.  Patchell,  Proc.  Inst.  Meclt. 
Engineers,  April,  1896. 

2  Proc.  Inst.  Mech.  Engineer;  189G,  p.  175. 
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Regulation  of  Superheat. — The  methods  employed  for  this  purpose 
may  be  summarized  as  follows  : — 


SCALE 


FIG.  179.1 


aooo  TO  77i. 


(1)  By  the  use  of  dampers  regulating  the  flow  of  flue  gases  to  the 
superheater. 

1  From  "Application  de  la  Surchauffe  aux  Machines  a  vapeur,"  by  Prof.  Frangois 
Sinigaglia, 
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(2)  By  mixing  or  combining  saturated  and  superheated  steam  in  any 
required  proportion. 


FIG.  180. 


FIG.  181. 

(3)  By  the  use  of  an  independently  fired  superheater,  which  arrange- 
ment lends  itself  very  easily  to  the  regulation  of  the  heat. 

(4)  By  regulating  the  rate  of  flow  of  the  steam. 


CHAPTER  IX. 


INTERNAL  SURFACE  OF  ENGINE  CYLINDERS. 

THE  loss  by  condensation  in  engine  cylinders  is  due  to  the  difference 
of  temperature  between  the  steam  and  the  cooler  metal  of  the  cylinder, 
and  the  extent  of  the  loss  increases  as  the  extent  of  the  actual  surface 
in  contact  with  the  steam  increases. 

The  portion  of  the  double  stroke,  during  which  heat  passes  from  the 
steam  to  the  metal,  begins  at  admission  of  the  steam  to  the  cylinder 
and  terminates  usually  almost  immediately  after  cut-off,  where  the 
expanding  steam  has  fallen  in  temperature  to  that  of  the  mean 
temperature  of  the  walls.  The  greater  the  area  of  the  internal  surface 
per  pound  of  steam  admitted,  the  greater  the  condensation.  Hence  the 
importance  of  reducing  this  surface  as  much  as  possible,  especially  the 
clearance  portion  of  it,  where,  by  care  in  designing,  considerable  reduc- 
tions might  often  be  made,  with  a  corresponding  improvement  in  the 
economy  of  the  engine. 

In  respect  of  clearance  surface  and  cylinder  surface  generally,  it 
may  be  well  to  compare  the  effect  of 
difference  of  ratio  between  cylinder  di- 
ameter and  length  of  stroke. 

Taking  cylinders  (Fig.  182)  of  equal 
capacity  A  and  B,  A  having  4  sq.  ft.  of 
piston  area  and  1  ft.  stroke,  and  B  having 
1  sq.  ft.  of  piston  area  and  4  ft.  stroke ;  A 
representing  the  short-stroke,  high-speed 
type  of  engine  of  relatively  large  piston 
area,  and  B  representing  the  long-stroke 
type  with  relatively  small  piston  area ; 
then,  neglecting  clearance  volume  and 
steam  passages,  the  relative  area  of  clear- 
ance and  cylinder  surface  exposed  to 
in  the  two  cases  will  be  seen  from  the 


B 

-  4 
FIG. 


182. 


equal   weights    of    steam 
following  table  : — 


Piston  area            sq.ft. 

Stroke         ft. 

Piston  displacement         cub.  ft. 

Surface  of  barrel sq.ft. 

Clearance  surface „ 

„             ,,        +  barrel  to  \  stroke „ 

M                       „             +               •>•>              -2         »»                             •  •  •               *  •  •  » 


A. 

B 

4-0 

1-0 

1-0 

4-0 

4-0 

4-0 

7-09 

14-18 

8-0 

2-0 

9-78 

5-56 

11'56 

9-13 
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A.         }         K. 

Clearance  surface  +  barrel  to  '\  stroke sq.ft.  13-35  j    12'69 

„             „        +         ,,      full   „      „  15-13  16-26 

Surface  exposed  per  unit  weight  of  steam  admitted  with  cut-  \  Q -Q  ~KC 

off  at  ^stroke  | 

Ditto                ditto                 J       „                5-78  \      4-56 

Ditto                ditto                 j      „                4-45  '      4'23 

Ditto                ditto                full    „                I      3-78  '      4'06 

Comparing  the  two  cases,  on  admission  of  steam  to  the  respective 
cylinders,  the  clearance  surface  of  the  short-stroke  engine  is  four  times 
as  great  as  with  the  long-stroke.  If  cut-off  takes  place  at  J  stroke, 
the  actual  wall  surface  of  the  cylinder  enclosing  the  steam  up  to  cut- 
off is  5'56  sq.  ft.  in  the  long-stroke  engine,  and  75  per  cent,  more  than 
this  in  the  short-stroke  engine.  That  is,  if  condensation  be  directly 
proportional  to  surface,  the  condensation  in  the  short-stroke  engine 
will  be  75  per  cent,  greater  than  in  the  long-stroke  engine  when 
cut-off  takes  place  at  J  stroke  in  each  engine. 

It  will,  however,  be  observed  that  as  the  cut-off  is  made  later,  the 
respective  areas  of  cylinder  surface  in  the  two  cases  become  more  and 
more  nearly  alike,  and  if  steam  were  admitted  to  the  end  of  the  stroke, 
the  surface  is  7  per  cent,  greater  in  the  long-stroke  engine  ;  in  other 
words,  the  loss  by  condensation  in  the  two  cylinders  would  be  more 
nearly  the  same  as  the  cut-off  is  later.  The  earlier  the  cut-off  the 
more  advantage  lies  with  the  long-stroke  engine. 

It  has  been  so  far  assumed  that  the  engines  are  run  at  the  same 
rotational  speed ;  but  if  they  are  run  at  the  same  piston  speed,  as 
would  be  more  probably  the  case,  then  the  short-stroke  engine  would 
make  four  times  as  many  revolutions  as  the  long-stroke. 

But  if  the  assumption  is  correct  that  cylinder  condensation  is 
inversely  proportional  to  the  square  root  of  the  number  of  rotations, 
then  the  loss  by  condensation  in  the  long-stroke  engine  as  compared 

with  that  in  the  short  stroke  is  as  1  :  —7    =  1  :  J. 

v4 

Short-stroke  engines  are  therefore  most  economical  when  run  at 
high  speeds  and  with  a  late  cut-off. 

This  statement  takes  no  account  of  clearance  volume.  In  short- 
stroke  engines  (see  above  table)  the  clearance  volume  is  proportion- 
ally large,  and  in  such  engines  great  care  must  be  taken  to  make  the 
best  use  of  the  compression  steam,  so  as  to  fill  the  clearance  space 
with  steam  at  a  pressure  as  near  as  possible  to  the  admission  pressure, 
otherwise  the  difference  must  be  made  up  by  boiler  steam,  and  the 
amount  required  for  this  purpose  may  be  a  large  proportion  of  the 
total  steam  used. 

Turned  and  Polished  Clearance  Surfaces.— The  advantage  of 
turned  and  polished  surfaces  for  the  clearance  spaces  in  reducing 
cylinder  condensation  has  been  proved  in  numerous  instances ;  and 
the  most  economical  results  yet  recorded  with  saturated  steam  have 
been  obtained  in  engines  having  the  piston  face  and  inner  surface 
of  the  cylinder  cover  turned  and  polished.  The  surfaces  appear  to  be 
thereby  rendered  more  nearly  non-conducting. 


CHAPTER  X. 

THE  STEAM-JACKET. 

THE  steam-jacket,  as  its  name  implies,  is  an  arrangement  for  covering 
the  cylinder  with  a  hot-steam  covering.  It  consists  of  a  chamber 
or  chambers  enveloping  the  working  barrel  and  the  covers  of  the 
cylinder.  These  chambers  are  filled  with  steam  at  a  temperature 
equal  to  or  greater  than  the  initial  temperature  of  the  working  steam 
entering  the  cylinder. 

The  object  of  the  jacket  is  to  maintain  the  temperature  of  the 
internal  walls  as  nearly  as  possible  equal  to  that  of  the  steam 
entering  the  cylinder,  and  in  this  way  to  reduce  the  loss  due  to 
initial  condensation. 

As  already  stated,  whatever  tends  to  increase  the  mean  tempera- 
ture of  the  walls  tends  also  to  reduce  initial  condensation,  and 
experiment  has  shown  that  the  heat  expended  in  the  jacket  for  this 
purpose  is  more  than  compensated  for  by  the  increased  efficiency  of 
the  working  steam  in  the  cylinder.  The  extent  of  the  gain  follow- 
ing the  use  of  the  jacket  varies  greatly  according  to  the  conditions 
of  working,  the  construction  of  the  jacket,  including  the  arrangements 
for  drainage  and  for  supply  of  steam  to  the  jacket,  the  temperature  of 
the  steam  supplied  to  the  jacket,  the  speed  of  the  engine,  the  quality 
of  the  steam  entering  the  cylinder,  the  ratio  of  internal  cylinder  sur- 
face to  weight  of  steam  used,  the  range  of  temperature  of  the  steam 
in  the  cylinder,  etc. 

Action  of  the  Jacket. — Unjacketed  cast-iron  cylinders  are  practi- 
cally a  heat  sponge  absorbing  from  the  steam,  each  stroke  during 
admission,  heat  which  should  have  been  employed  in  doing  useful 
work,  and  rejecting  the  same  amount  of  heat,  but  at  a  lower 
temperature,  during  expansion  and  exhaust,  by  re-evaporation  of 
the  water  deposited  at  the  beginning  of  the  stroke.  This  heat  is 
almost  entirely  wasted,  as  the  useful  work  done  by  it  by  re-evapora- 
tion of  water  during  expansion  is  extremely  small,  and  the  remainder 
goes  away  during  exhaust  to  increase  the  already  large  exhaust 
waste. 

The  greater  the  proportion  of  water  deposited  in  the  cylinder,  up 
to  a  certain  limiting  point,  the  greater  the  demand  upon  the  store  of 
heat  in  the  cylinder  walls  for  the  purpose  of  re-evaporation ;  the 
deeper,  also,  the  ebb  and  now  of  the  heat-wave  in  the  metal  walls 
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each  stroke,  the  larger  the  proportion  of  heat  taking  part  in  this 
must  wasteful  process. 

The  action  of  the  jacket  is  therefore  to  reduce  the  extent  of  the  heat- 
interchange  between  the  steam  and  the  walls,  and,  as  a  consequence, 
to  reduce  also  the  weight  of  water  to  be  afterwards  re-evaporated  at 
the  expense  of  heat  from  the  cylinder  walls.  Thus  with  a  jacket  a 
smaller  proportion  of  the  heat  of  the  steam  is  wasted  in  merely 
passing  into  and  out  of  the  walls,  and  a  larger  proportion  is  employed 
in  the  performance  of  useful  work  than  when  no  jacket  is  used. 

All  heat  transmitted  through  the  cylinder  walls  from  the  jacket 
is  accompanied  by  a  corresponding  loss  due  to  condensation  in  the 
jacket,  but  the  net  result  is  in  favour  of  jacketing.  For  it  should 
be  noted  that  each  1  Ib.  of  steam  condensed  in  the  jacket  leaves  the 
jacket  as  water  containing  say  270  units  of  heat ;  while  each  1  Ib.  of 
steam  condensed  in  the  cylinder  passes  away  as  steam,  and  carries 
with  it  to  the  air  or  condenser  the  latent  heat  of  the  steam  (from  900 
to  1000  units)  which  has  been  first  given  to  and  then  taken  from  the 
cylinder  walls.  There  is  no  re-evaporation  of  the  water  in  the  jacket, 
but  it  may  be  usefully  employed  as  a  hot  feed  to  the  boiler.  The 
heat  transmitted  by  the  jacket  per  pound  of  steam  condensed  therein  is 
the  latent  heat  of  steam  L  for  the  pressure  in  the  jacket. 

Effect  Of  Speed  Of  Rotation. — Since  the  amount  of  heat  transmitted 
through  the  cylinder  walls  varies  with  the  time,  then,  as  the  rate 
of  rotation  increases,  the  extent  of  the  heat  interchanged  per  stroke 
between  the  steam  and  the  walls  will  become  less,  until,  when  the 
speed  is  indefinitely  great,  the  heat-interchange  is  zero,  and  the 
jacket  is  of  no  effect.  From  this  it  follows  that  the  efficiency  of 
the  jacket  is  greater  as  the  rotational  speeds  decrease. 

Effect  of  Ratio  Of  Expansion. — With  given  initial  and  back  pres- 
sures— that  is,  with  a  fixed  range  of  temperatures  in  the  cylinder, 
but  with  a  variable  cut-off — the  efficiency  of  the  jacket  will  vary  with 
the  point  of  cut-off.  For,  since  the  flow  of  heat  through  the  cylinder 
walls  varies  with  the  temperature  on  the  two  sides  of  the  walls,  it 
is  evident  that  the  jacket  heat  will  pass  more  readily  the  earlier  the 
cut-off,  since  the  mean  temperature  of  the  internal  portion  of  the 
cylinder  walls  is  lower  as  the  cut-off  is  earlier. 

Hence  the  jacket  is  more  effective  in  cylinders  having  a  large  ratio 
of  expansion.  During  expansion  the  re- evaporation  is  greater  without 
a  jacket  than  with  one,  and  the  dryness  fraction,  especially  at  release, 
is  always  greater  with  a  jacket  than  without  one. 

The  following  diagram  shows  the  varying  efficiency  of  a  steam- 
jacket  at  different  ratios  of  expansion.  It  was  prepared  by  Mr.  Bryan 
Donkin  from  trials  made  by  him  with  an  engine  having  a  cylinder 
6  in.  diameter,  stroke  8  in. ;  speed  in  all  experiments  about  220 
revolutions  per  minute ;  steam  pressure,  about  50  Ibs.  above  atmo- 
sphere. 

Water  in  the  cylinder,  from  any  cause  whatever,  is  a  source 
of  loss  of  heat  from  the  cylinder  walls.  Owing  to  the  property 
which  liquids  possess  of  absorbing  heat  from  surrounding  bodies 
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during  the  process  of  evaporation  which  follows  a  fall  of  pressure, 
it  is  easy  to  account  for  the  rapid  flow  of  heat  from  the  walls  to  the 
water  in  the  cylinder  during  expansion,  but  especially  when  the 
exhaust  port  opens. 

However  dry  the  condition  of  the  steam  on  entering  the  cylinder, 
there  is  always  some  initial  condensation  (except  when  a  high  degree 
of  superheat  is  used),  and  even  if  the  steam  were  dry  at  cut-off,  there 
is  still  the  water  formed  during  expansion  by  transmutation  of  heat 
into  work. 
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FIG.  183, 


Assuming  that  all  possible  care  has  been  taken  to  obtain  dry 
stearn  in  the  cylinder  by  lagging  steam-pipes,  cylinders,  and  valve- 
chests,  by  fixing  separators,  and  drain-cocks  from  valve-chests,  by 
reduction  as  far  as  possible  of  the  proportion  of  clearance  surface, 
and  by  polished  internal  surfaces  of  cylinder-cover  and  pistons,  then, 
unless  the  speed  of  rotation  is  high,  the  steam-jacket  or  superheating 
will  still  be  necessary  to  secure  dry  steam  at  release. 

The  action  of  the  jacket  may  be  further  illustrated  by  the  aid  of 
the  temperature-entropy  diagram. 
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FIG.  184. 


1.  If  the  cylinder  walls  are  as  hot  as  the  entering  steam,  then  the 
steam  is  dry  at  cut-off.  The  heat  required  to  maintain  the  steam 
dry  throughout  expansion  = 
area  akfd  (Fig.  184),  where  Tcf 
is  the  dry  or  saturated  steam 
curve,  or  curve  of  constant 
steam  weight.  This  shows  that 
without  a  jacket,  in  the  best  of 


engines,  the  dry  steam,  expand-  L 
ing  adiabatically  and  doing  '/ 
work,  becomes  wetter  as  the 
expansion  continues,  and  that 
the  steam  can  only  be  dry  at 
release  by  the  further  addition 
of  heat  from  an  external  source. 
It  also  shows  that  the  heat  so 
added  is  not  theoretically  so 
efficient  as  the  heat  of  the  work- 
ing steam,  because  the  whole  of 
the  added  heat  is  not  applied 
at  its  maximum  temperature, 
but  is  applied  during  a  gradual 

fall  of  temperature.  The  efficiency  of  the  jacket  steam  in  such  a 
case  is  nkf-^-  aJcfd.  If  this  were  the  condition  of  things  in  prac- 
tice, then  a  jacket  would  not  be  a  source  of  gain,  but  a  source  of 
loss  of  efficiency ;  but  in  practice  these  conditions  are  considerably 
modified,  with  the  result  that  the  jacket  heat  actually  increases  the 
efficiency. 

2.  In  unjacketed  cylinders,  though  dry  steam  is  supplied  to  the 
engine,  the  steam  is  never  dry  at  cut-off,  but  has  some  dryness 
fraction  tc  -7-  tk.  Suppose  now  that  a  jacket  be  added,  and  that  the 
steam  is  thereby  rendered  dry  at  cut-off  and  throughout  expansion  to 
release.  Then  heat  supplied  by  jacket  =  area  akfd.  But  by  this  addition 
of  heat  there  is*  an  increase  of  useful  work  =  area  ckfec  ;  therefore 
the  actual  efficiency  of  the  jacket  heat  =  ckfec  4-  cikfd,  or  an  increase 
of  engine  efficiency  of  from  (tcep  -7-  optJca)  to  (tkfp  -f-  opthfd). 

Construction  of  the  Jacket. — The  success  of  jacketing  depends  very 
largely  upon  the  care  exercised  both  in  the  design  and  use  of  the 
jacket.  If  a  jacket  is  so  constructed  as  to  leave  pockets  which  will 
inevitably  remain  filled  with  water,  or  flat  horizontal  surfaces  upon 
which  will  continually  lie  a  layer  of  water  through  which  heat  is 
expected  to  pass  to  the  cylinder,  the  result  will  be  disappointing. 
Great  care  should  be  taken  to  arrange  for  the  proper  flow  of  the 
water  deposited  in  the  jacket  to  the  jacket  drain  by  sloping  sui  faces 
and  properly  placed  drain-pipes. 

The  steam-supply  pipe  to  the  jacket  should  be  made  of  ample 
diameter  ;  also  care  should  be  taken  to  provide  for  efficient  circulation 
of  the  steam  in  the  jacket. 

Cylinders  are  sometimes  made  with  a  surrounding  jacket,  through 
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which  the  steam  from  the  boiler  first  passes  before  entering  the 
cylinder.  The  object  of  this  is,  no  doubt,  to  accelerate  the  action  of 
the  jacket  by  a  rapid  circulation  of  the  jacket  steam.  Such  jackets 
should  be  well  drained,  but  the  jacket  is  never  in  direct  connection 
with  the  exhaust  side  of  the  piston,  hence  its  mean  temperature  is 
higher  than  that  of  the  internal  cylinder  walls. 

The  value  of  the  jacket  is  greater,  other  things  being  equal,  as  the 
dimensions  of  the  cylinder  are  smaller ;  because  in  small  cylinders 
the  cylinder  surface  per  unit  weight  of  steam  passing  through  the 
engine  is  greater  than  in  large  cylinders. 

One  effect  of  jackets  is  to  increase  the  tendency  to  loss  of  heat  by 
radiation,  as  the  area  of  the  external  surface  and  the  temperature  of 
the  surface  are  both  increased  by  the  addition  of  jackets. 

It  appears,  from  various  experiments,  that  there  is  no  advantage  in 
making  the  pressure  of  the  steam  in  the  jacket  of  any  cylinder  more 
than  a  few  pounds  greater  than  that  of  the  initial  steam  in  the 
cylinder.  Thus  it  is  usual  to  reduce  the  pressure  in  the  jackets  of 
the  second  and  succeeding  cylinders  of  triple  and  quadruple  expansion 
engines. 

In  the  engines  of  H.M.S.  Powerful,  the  pressure  of  steam  at  the 
stop-valve  is  210  Ibs.  All  the  cylinders  are  steam-jacketed.  The 
high-pressure  cylinder  is  jacketed  with  steam  at  210  Ibs.  pressure. 
The  steam  to  the  intermediate  jacket  passes  through  a  reducing- 
valve  loaded  to  100  Ibs.,  and  to  the  low-pressure  jacket  through  a 
reducing-valve  loaded  to  25  Ibs. 


j  J  J     NNN 


STEAM  TO 
BOTTOM  JACKET 


FIG.  185. 


DARK  AREAS  =  WETNESS 
FIG.  186. 


The  above  figure  (Fig.  186)  shows  the  effect  of  jackets  on  the 
cylinders  of  a  triple-expansion  engine.  H  =  high-pressure  cylinder  ; 
1  =  intermediate  cylinder ;  L  =  low-pressure  cylinder.  The  rect- 
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angles  marked  N",  N,  N  show  by  the  darkened  areas  the  proportion 
of  water  present  at  cut-off  with  no  steam  in  the  jackets. 

The  rectangles  marked  J,  J,  J  show  the  effect  on  the  dryness  fraction 
of  the  steam  when  steam  is  admitted  to  all  the  jackets ;  from  which 
it  will  be  seen  that  the  gain  resulting  from  a  jacket  is  greatest  in  the 
low-pressure  cylinder,  and  least  in  the  high-pressure  cylinder.1 

The  Reports  of  the  Research  Committee  of  the  Institution  of 
Mechanical  Engineers  on  the  value  of  the  steam-jacket  are  a  collection 
of  valuable  facts  obtained  from  numerous  sources,  but  the  Report 
containing  the  final  conclusions  of  the  committee  has  not  yet  been 
published.  It  has,  however,  been  shown  that  the  gain  by  jacketing 
varies  considerably  as  the  conditions  and  extent  of  the  jacketing 
vary,  being  from  2  or  3  per  cent,  to  25  per  cent,  in  favour  of  jacketing. 

In  the  trial  of  the  Pawtucket  pumping  engine  by  Prof.  J.  E. 
Denton,  the  engine  being  compound,  with  both  cylinders  jacketed  on 
barrels  and  ends,  and  with  steam  at  full  boiler  pressure  in  all  the 
jackets,  a  difference  of  only  3  per  cent,  in  favour  of  jacketing  was 
obtained. 

From  trials  made  by  Prof.  Osborne  Reynolds  of  the  triple -expansion 
fully  jacketed  engines  at  the  Owens  College,  it  was  found  that  with 
jackets  filled  throughout  with  boiler  pressure,  19*4  per  cent,  of  the 
total  heat  supplied  was  converted  into  work.  Without  steam  in  any 
of  the  cylinder  jackets  this  percentage  fell  to  15'5,  showing  a  gain  of 
over  25  per  cent,  in  favour  of  jacketing. 

1  See  "  Reports  of  Research  Committee  on  the  Value  of  the  Steam  Jacket,"  Proc. 
Jmt.  M.E.,  1889,  1892,  1894. 


CHAPTER    XI. 


I 

BOILER.    

1 

_^_^BJf| 

THE  INJECTOR. 

THE  injector  is  an  instrument  for  feeding  boilers,  and  is  used  instead 
of,  or  in  conjunction  with,  a  feed  pump.     It   was  invented   in  1858 

by  M.  Giffard,  a  French 
engineer,  who  established 
beyond  doubt  the  power 
of  a  jet  of  steam,  passing 
from  the  steam  space  of 
a  boiler,  to  force  water 
into  the  same  boiler 
against  the  same  internal 
pressure  as  that  of  the 
steam  itself. 

The  construction  of  the 
injector  will  be  under- 
stood by  the  following 
diagrammatic  sketch 
(Fig.  187).  The  steam- 
nozzle,  s,  shows  how  the 
steam  is  supplied  to  the  injector  through  a  small  inlet.  The  amount 
of  the  steam-supply  is  regulated  by  the  coned  plug,  which  fits  more  or 
less  closely  against  the  orifice. 

The  combining  tubs,  v,  is  where  the  slowly  moving  water,  drawn 
up  from  the  well  R  by  the  action  of  the  steam-jet,  combines  with  the 
swiftly  flowing  stream  of  condensed  steam,  and  is  carried  forward  by 
it  into  the  boiler. 

The  delivery  tube,  d,  receives  the  contents  of  the  combining  tube. 
Here  at  its  narrowest  part  the  maximum  velocity  of  the  jet  is  attained, 
and  from  this  point  the  velocity  of  the  jet  is  reduced  as  it  proceeds 
along  the  diverging  tube  to  the  boiler  feed-pipe  /. 

The  overflow,  o,  is  an  opening  or  break  in  the  pipe  through  which 
excess  of  water  or  steam  may  escape  during  the  operation  of  starting. 

Fig.  188  illustrates  the  actual  construction  of  the  injector  as 
originally  introduced,  and  of  which  pattern  large  numbers  are  still 
made. 

Fig.  189  is  a  section  of  Messrs.  Holden  and  Brooke's  Injector  (non- 
lifting  pattern). 

Action  of  the  Injector. — To  start  the   injector,  it  is  necessary  first 
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to  turn  on  the  water-supply,  and  then  to  withdraw  the  steam-spindle 
slightly  so  as  to  admit  steam  through  the  nozzle  into  the  injector. 
The  steam-spindle  may  then  be  fully  opened,  the  supply  of  water 
being  regulated  till  there  is  no  overflow  of  either  water  or  steam. 
The  steam-jet  carries  forward  with  it  entrained  air  from  the  water- 
chamber  (A,  Fig.  187),  thereby  causing  a  partial  vacuum  in  that 
chamber,  and  the  water  in  the  suction  pipe  to  rise  and  enter  the  com- 
bining tube.  The  jet  of  steam,  coming  into  contact  with  the  cold 
water,  is  condensed  laterally  to  an  attenuated  thread  of  water,  which 
retains,  however,  its  original  velocity,  and  passes  forward  from  the 
combining  tube  into  the  delivery  tube,  carrying  with  it  entrained 
water. 

After  passing  through  the  throat  of  the  delivery  tube,  the  velocity 
of  the  steam  decreases  as  the  cross-section  of  the  diverging  tube 
increases,  and  finally  the  combined  stream  enters  the  boiler. 

The  Combining  Tube. — In  this  tube, 
by  means  of  the  vacuum  formed  by 
the  condensed  steam,  the  water  is 
drawn  up  into  the  injector.  It  is 
evident,  therefore,  that  the  water 
must  be  sufficiently  cold  to  condense 
the  steam,  and  that  the  proportion  of 
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FIG.  188.  FIG.  180. 

water   to  steam  must   be  sufficient  to  ensure  complete  condensation, 
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if  the  injector  is  to  lift  water  from  a  well  placed  below  it.  The 
quality  of  the  vacuum  in  this  tube  depends  upon  the  temperature 
of  the  combined  steam  and  water. 

The  effect  of  varying  the  steam  pressure  with  a  given  setting  of 
the  instrument  is  to  vary  also  the  supply  of  water  needed.  Thus,  if 
the  steam  pressure  is  increased,  the  supply  of  feed- water  should 
increase  also,  to  properly  condense  the  steam,  or  the  degree  of  vacuum 
will  be  reduced  and  the  action  of  the  injector  impaired.  Or,  if  the 
pressure  of  the  steam  is  reduced,  the  feed-water  will  be  in  excess,  and 
will  escape  by  the  overflow. 

Velocity  in  the  Delivery  Tube. — If  H  =  the  head  of  water  in  the 
boiler  equivalent  to  the  internal  pressure,  then  the  velocity  (#)  of 

a  jet  of  water  flowing  from 


the  boiler  =  */2glIt  and  the 
velocity  of  the  jet  to  enter 
the  boiler,  or  its  equivalent 
in  pressure,  must  be  in  excess 
of  this. 

Also,  if  w  =  the  weight  of 
1  cub.  ft.  of  water  in  pounds, 
then  P  in  pounds  per  square 
ft.  =  wH  Ibs.  or— 


W 


and  — 


/2gP 

v=  V  "„- 


FIG.  190. 


From  which  it  is  clear  that 
the  velocity  of  a  jet  varies 
inversely  as  the  square  root 
of  its  density  (w).  Thus  the 
velocity  of  steam  will  be  very 
much  greater  than  the  velocity  of  water  under  the  same  pressure, 
because  of  the  very  low  density  of  steam  compared  with  water ; 
hence  the  effectiveness  of  the  condensed  steam-jet  as  a  means  of 
admitting  water  into  the  boiler  against  the  boiler  pressure. 

The  impinging    jet  enters    the  boiler   because   the   kinetic   energy 

which  it  possesses  ( —~ — j,  or  its  equivalent  in  pressure,  is  greater  than 

that  which  is  due  to  the  head  H  of  the  equivalent  water-column  acting 
in  the  opposite  direction.  Napier's  formula  for  the  flow  of  steam  into 
the  air  in  pounds  per  second 

=  w  =  ^^ 

7fl 

where  P  =  boiler  pressure  absolute  in  pounds  per  square  inch ; 
A  =  area  of  orifice  in  square  inches. 

In  the  gradually  diverging  delivery  tube,  if  a  section  be  taken  at 
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successive  positions  along  the  tube,  there  will  .be  exactly  the  same 
weight  of  water  flowing  through  each  of  these  sections  in  the  same 
time,  namely,  AV,  where  V  =  velocity  in  feet  per  second,  and  A  = 
area  in  square  feet;  and  AV  =  A^  =  A2V2,  etc.,  assuming  the 
density  of  the  jet  to  be  uniform.  And  since  the  area  A  of  the  section 
increases  from  the  minimum  section  towards  the  boiler,  so  the 
velocity  decreases  ;  and  since  the  area  changes  as  the  square  of 
the  diameters  of  the  section,  the  velocity  will  change  inversely  as 
the  square  of  the  diameters.  This  is  shown  by  the  diagram  Fig. 
190,  where  a  curve  of  velocities  is  set  up  at  successive  sections  of  the 
tube,  calculated  thus  : 

volume  passing  in  cubic  feet 
Velocity  at  any  section  =  ---y—  g-.-j—  —— 


AV 

or  Vj  =  -r  —  ;  or  Vj  =  -TY,  where  d  =  diameter  of  section 

A!  0} 

Since  the  pressure  at  any  section  varies  with  the  velocity,  a  curve 
of  pressures  is  also  drawn.  It  is  calculated  from  the  following 
formula  :  — 

v  2  v  2 

H!  4-  ~-  =  H.2  -j-  -2-  =  a  constant 

these  expressions  representing  the  "  total  heads  "  at  the  beginning  and 
end  respectively  of  the  delivery  tube  ;  and  the  sum  of  the  pressure 
and  kinetic  energies  in  the  tube  being  a  constant— 


the  value  of  v  for  any  section  of  the  tube  being  obtained  as  explained 
above  ;  and  the  value  of  P  being  equal  to  wH  as  before,  we  may 
write  — 

P,  =  P,      ?1»  -  iy 

w        w  2g 

Weight  of  Feed  Water  per  Pound  of  Steam.  —  Assuming  the  steam 
supply  to  be  dry,  and  reckoning  from  32°  Fahr.  — 

Heat-units  contained  in  the  steam  per  pound  =  /^  +  I^i 
„  „  feed-water  per  pound  =  ha 

„  „  mixture  per  pound  =  (1  -j-  W)k> 

Then,  neglecting  losses  by  radiation,  the  pounds  of  feed-water 
supplied  per  pound  of  steam  used  by  the  injector  may  be  obtained 
when  we  know  the  rise  of  temperature  of  the  water  passing  through 
the  injector.  Thus  — 

Gain  of  heat  by  feed  -water  =  W(&2  -  JtA) 
Loss  of  heat  by  the  1  Ib.  of  steam  =  Lj  +  ft,  —  Ji-> 
The  kinetic  energy  of  the  jet)  _  ,*.    .    ,,,   ^  v  — 

expressed  in  heat-units        f  ~  }2g      778 

Then— 
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Ll  +  /,.  -  h,  =  (1  +  W)      X  ?  g  . 
Loss  by  steam  =  kinetic  energy  of  jet  +  gain  by  feed 

Neglecting  the  term  representing  kinetic  energy,  which  would   be 
very  small  — 


W  -      i          i  -     .2 

'*,-*, 

=  the  weight  of  feed-water  lifted  per  pound  of  steam 
supplied  to  the  injector 

The  overflow  is  assumed  to  be  open  to  the  atmosphere,  and  therefore 
the  temperature  of  the  jet  cannot  exceed  212°  Fahr.  It  is  seldom 
higher  than  170°  Fahr. 

The  temperature  of  the  water  passing  into  the  boiler  depends  upon 
the  fact  that  the  steam  from  the  jet  must  all  be  condensed  as  it 
leaves  the  steam-nozzle. 

The  temperature  of  the  water  with  which  the  injector  is  supplied 
must  be  low  enough  to  condense  the  steam  from  the  steam-nozzle, 
otherwise  the  injector  will  not  work.  The  weight  of  water  delivered 
per  pound  of  steam  used  is  about  13  Ibs.  for  locomotive  in- 
jectors. 

As  the  initial  temperature  of  the  feed-water  is  increased,  the  weight 
of  steam  required  to  lift  a  given  weight  of  feed-water  increases. 

Efficiency  of  the  Injector.  —  The  mechanical  work  performed  by  the 
injector  consists  in  lifting  the  weight  of  feed-water  through  a  height 
//,  and  delivering  it  into  the  boiler  against  the  internal  pressure. 

U  =  {  W7*  +  (W  +  I)/,,,}  jin  heat-units 

where  U  =  work  done  ;  Jip  =  the  equivalent  head  =  p  x  2  '3  due  to 
the  pressure,   where    2'3  ==  head   in   feet   per    1    Ib.    pressure;    and 
W  =  pounds  of  water  delivered  per  pound  of  steam. 
If  considered  as  a  pump,  the  efficiency  EOT  is  — 

F  U 

*•-  -  L,  +  7,,  -  /,, 

where   the  denominator  represents  the  number  of  units  of  heat  given 
up  by  the  steam  to  perform  the  work. 

The  Thermal  Efficiency,  Et,  of  the  injector  is  unity,  for  — 

/  Heat  supplied  \  _  f  work  clone  in  lifting  and  \    ,    /  heat  restored  \ 
V^     from  boiler    )  ~  \     injecting  feed-water     /       \      to  boiler     ) 

or  — 

U  +  W(A,  -  ft,) 

TTTST-"  t~ 

That  is,  all  the  heat  expended  is  restored  either.  as  work  done  or 
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in  heat  returned  to  the  boiler,  and  the  value  E,  of  the  above  frac- 
tion =  1.  It  should  be  noted,  however,  that  the  heat  is  returned  at 
a  lower  temperature. 

When  a  boiler  plant  is  provided  with  an  economizer  or  feed-heater, 
the  injector  may  be  made  to  supply  the  feed  through  the  feed-heater, 
and  the  hot  feed  from  the  injector  may  thus  be  still  further  heated 
in  the  feed-heater  on  its  way  to  the  boiler. 

The  Lifting  Icjector. — The  property  possessed  by  the  injector 
enabling  it  to  lift  water  depends  upon  its  power  to  reduce  the 
pressure  in  chamber  A  (Fig.  187)  below  that  of  the  atmosphere. 
There  is  no  difficulty  in  continuing  the  water-supply  when  it  has 
once  entered  the  injector,  because  of  the  vacuum  formed  by  the  con- 
densation of  steam  in  the  combining  tube ;  but  to  raise  the  water  in 
the  first  place,  the  jet  of  steam  passing  out  of  the  nozzle  at  a  high 
velocity  must  act  first  as  an  ejector  entraining  the  air  away  from  the 
chamber  A  and  carrying  it  forward  through  the  combining  tube,  thus 
causing  a  vacuum  in  A. 

For  this  purpose  the  steam  must  have  a  free  passage  through  the 
instrument  sufficient  to  prevent  any  throttling  of  the  steam  as  it 
issues  from  the  nozzle,  otherwise  a  pressure  will  be  set  up  in  A 
greater  than  that  in  B  (Fig.  187)  which  is  open  to  the  atmosphere, 
and  no  water  will  be  lifted. 

This  freedom  from  throttling  of  the  steam  as  it  passes  along  the 
combining  tube  may  be  accomplished  in  two  ways :  first,  by  arranging 
for  a  small  amount  of  steam  to  pass  through  the  jet  by  only  opening 
slightly  the  steam-spindle  ;  or,  secondly,  if  a  large  flow  of  steam  is 
passing  through  the  nozzle,  to  arrange  for  a  self-acting  method  of 
enlarging  the  area  of  exit  for  the  steam,  to  prevent  its  becoming 
throttled  in  the  injector.  Injectors  fitted  with  such  an  arrangement 
are  termed  automatic,  self-acting,  re-starting  injectors. 

"  Automatic  "  Injectors. — These  are  injectors  which,  if  stopped  in 
their  action  by  jolting,  as  on  a  locomotive,  or  from  any  other  cause, 
automatically  re-start,  and  continue  to  work  without  requiring  any 
readjustment  of  the  steam  or  water  supply,  as  would  be  necessary  if 
the  injector  were  of  the  type  previously  described. 

The  methods  adopted  in  order  to  fulfil  the  condition  of  automatic 
re-starting  are  shown  in  Figs.  191  and  192.  Fig.  191  is  a  standard 
pattern  as  made  by  Messrs.  Holden  and  Brooke.  Fig.  192  is  the 
"  split-nozzle  "  injector,  in  which  it  will  be  seen  that  the  combining 
tube  is  split  longitudinally  for  rather  more  than  half  its  length. 
The  loose  half  forms  a  flap,  and  hangs  freely  from  a  hinge.  When 
the  injector  is  not  at  work  the  flap  hangs  open,  and  thus  affords  a 
large  area  for  escape  of  steam  through  the  overflow. 

When  steam  is  turned  on  it  flows  freely  through  the  injector, 
entraining  air  with  it,  forming  a  vacuum  in  the  suction  pipe  and 
drawing  water  into  the  instrument.  When  the  water  reaches  the 
combining  tube,  the  steam  is  condensed,  a  partial  vacuum  is  formed, 
and  the  flap  instantly  closes,  the  overflow  being  in  communication 
with  the  air.  The  split  nozzle  then  acts  as  an  ordinary  solid 
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combining    tube,    and   the    water   is    carried   forward    through    the 
STEAM  delivery  tube  into  the  boiler. 

The  Holden  and  Brooke  in- 
jector (Fig.  191)  is  similar  in 
principle  to  the  flap,  but  the 
flap  valve  is  placed  in  the 

WATER  —    —       - 
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FIG.  191. 


FIG.  192. 


shell  of  the  injector  instead  of  in  the  nozzle. 

The  Exhaust  Injector  is  similar  in  principle  to  an  ordinary  injector, 
and  differs  from  it  chiefly  in  having  a  steam-nozzle  of  very  wide  bore. 


FIG.  193. 


The  feed-water  supply  to  the  exhaust  injector  must  be   arranged  to 
flow  into  the  injector. 

Fig.  193  shows  the  attachment  of  the  exhaust  injector  to  a  boiler. 


CHAPTER  XII. 

CONDENSERS. 

THE  condenser  is  a  chamber  into  which  the  steam  is  passed  and  con- 
densed instead  of  being  exhausted  into  the  air. 

The  object  of  the  condenser  is  twofold,  being  first  to  remove  as  far 
as  possible  the  effect  of  atmospheric  pressure  from  the  exhaust  side  of 
the  piston  by  receiving  the  exhaust  steam  and  condensing  it,  thus 
reducing  the  back  pressure  from  16  or  17  absolute  to  3  or  4  Ibs. 
absolute  ;  and,  secondly,  to  enable  the  steam  which  acts  on  the  piston 
to  be  expanded  down  to  a  lower  pressure  before  leaving  the  cylinder 
than  can  profitably  be  done  when  the  steam  exhausts  into  the  air. 

In  compound  engines,  since  the  influence  of  the  condenser  acts  in 
the  largest  cylinder,  the  proportional  increase  of  power  will  be  large, 
varying  from  20  to  30  per  cent.,  depending  on  the  proportion  which 
the  increase  of  mean  pressure  bears  to  the  original  mean  pressure 
of  the  engine  referred  to  the  low-pressure  cylinders.  The  proportional 
gain  by  a  condenser  will  thus  be  greater  as  the  power  of  the  engine 
is  reduced. 

Condensers  are  of  various  types,  which  may  be  divided  as 
follows :  — 

.   1 .  Those  requiring  large  quantities  of  cold  water  for  the  purpose  of 
condensing  the  exhaust  steam,  including — 
(a)  Jet  condensers ; 
(6)  Surface  condensers ; 
(c)  Ejector  condensers ; 

where  in  each  case  the  cooling  water  passing  from  the  condenser  flows 
away  to  waste. 

2.  Those  requiring  very  small  quantities  of  water,  the  place  of  the 
continuous  water-supply  being  taken  by  an  extended  cooling  surface 
exposed  to  currents  of  air,  and  including — 
(a)  Evaporative  condensers ; 
(6)  Ordinary  condensers  combined  with  a  system  of  air-cooling  of 

the  condensing  water. 

The  jet  condenser,  as  its  name  implies,  condenses  the  steam  by 
means  of  a  jet  of  cold  water,  and  is  illustrated  by  Fig.  194. 

The  steam,  on  being  exhausted  from  the  cylinder,  passes  into  the 
condenser  C,  where  it  is  condensed  by  the  jet  of  cold  water.  The 
condensed  steam  and  injection  water  must  now  be  removed  by  means 
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FIG.  194. 


of  the  air-pump  AP,  so  called  because  it  removes  the  air  which  comes 
into  the  condenser  with  the  injection  water  and  also  with  the  steam. 
The  air  thus  introduced  to  the  condenser  is  cumulative,  and  would 

soon  set  up  a  large  back 
pressure  unless  re- 
moved. The  amount  of 
air  by  volume  in  in- 
jection water  is  said  to 
average  5  per  cent,  of 
the 'volume  of  the  water. 
The  condensed  steam, 
injection  water,  air,  and 
vapour  are  pumped  into 
the  hot  well  HW,  and 
thence  flow  chiefly  to 
waste.  The  feed-supply 
for  the  boilers  is  taken 
from  this  source. 

The  suction  valve  of 
the  air-pump  is  called 
the  foot  valve,  and  the 
delivery  valve  is  called 
the  head  valve. 

Another  form  of  jet 
condenser  and  air-pump  used  for  horizontal  engines  as  made  by 
Messrs.  Tangyes  of  Birmingham  is  shown  in  the  diagram,  Fig.  195. 

The  air-pump  rod  is  an  extension  of  the  piston-rod  through  the 
back  end  of  the  cylinder.  The  exhaust  steam  enters  the  condensing 
chamber  C,  where  it  is  met  by  the  cold-water  spray  J  and  condensed. 
The  condensed  steam  and  injection  water  are  removed  from  this 
chamber  by  the  air-pump  AP,  which  draws  it  through  the  suction- 
valves  FV,  and  forces  it  forward  through  the  delivery  valve  HV  into 
the  hot  well  HW,  from  which  the  boiler-feed  may  be  taken.  The 
remainder  overflows. 

The  steam  should  enter  the  upper  portion  of  a  jet  condenser  so  that 
there  is  no  danger  of  the  water  flowing  back  to  the  cylinder,  and  in 
all  cases  the  injection  supply  should  be  carefully  regulated,  and  shut 
off  before  or  at  the  same  time  as  the  steam-supply  is  closed  when  ths 
engine  is  stopped. 

The  condenser  should  be  so  shaped  that  the  water  may  flow  readily 
by  a  fall  from  the  condenser  to  the  bottom  of  the  air-pump. 

The  capacity  of  a  jet  condenser  may  be  generally  one-third  that  of 
the  cylinder  or  cylinders  exhausting  into  it.1 

Surface  Condensers.— The  surface  condenser  has  now  entirely 
superseded  the  jet  condenser  for  marine  work,  and  it  is  employed 
for  stationary  work  in  cases  where  it  is  desired  to  return  the  condensed 
steam  as  feed  to  the  boilers,  as  when  the  condensing  water  is  too  dirty 
or  too  full  of  impurities  to  be  used  as  feed. 

1  Beaton's  "  Manual  of  Marine  Engineering." 
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Up  to  about  the  year  1860  the  pressure  of  steam  in  marine  boilers 
was  not  more  than  30  Ibs.  to  the  square  inch,  and  the  boiler-feed 
was  taken  from  the  hot  well  of  a  jet  condenser.  This  water 


FIG.  19o. 

was  practically  as  salt  as  sea-water,  owing  to  the  fact  that  the 
condenser  was  supplied  with  a  sea-water  injection,  the  sea-water  and 
the  exhaust  steam  being  in  the  proportion  of  about  30  to  1  by  weight. 
Even  with  the  low  boiler-pressures  then  used,  the  salt  in  the  boiler 
was  a  serious  drawback,  for  sea-water  contains  ^  of  its  weight  of 
solid  matter  dissolved  in  it,  and  when  evaporated,  the  whole  of  the 
dissolved  solid  matter  is  left  behind  to  be  deposited  on  the  boiler- 
plates, forming  a  more  or  less  solid  incrustation.  This  incrustation  is 
a  bad  conductor  of  heat,  and  further,  since  it  keeps  the  water  from 
contact  with  the  hot  furnace-plate,  there  was  great  danger  of  the  plate 
getting  red  hot,  and  the  top  of  the  furnace  collapsing.  To  prevent 
the  water  in  the  boiler  from  becoming  too  much  saturated  with  salt, 
it  was  necessary  to  "  blow  off"  a  portion  of  the  contents  of  the  boiler 
from  time  to  time,  and  to  supply  its  place  with  a  fresh  supply  of 
sea-water.  By  thus  blowing  away  to  waste  large  quantities  of  hot 
water,  a  considerable  waste  of  heat  was  evidently  the  result. 

But  when  steam  pressures  began  to  increase — this  being  made 
possible  by  the  introduction  of  mild  steel  plates  for  boiler  construction 
— the  difficulty  arising  from  the  presence  of  salt  in  the  feed-water  now 
became  more  serious,  for  at  higher  temperatures  and  pressures  the 
presence  of  solid  matter  is  much  more  mischievous  and  dangerous. 
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Hence  the  introduction  of  the  surface  condenser,  which  does  away  with 
the  necessity  of  feeding  the  boiler  with  salt  water  ;  the  condensed 
steam  itself  being  kept  separate  from  the  condensing  water,  and  the 
condensed  steam  alone  being  pumped  back  again  to  the  boiler  as  a 
hot  fresh-water  feed.  For  the  steam  is  here  condensed,  not  by  being 
mixed  with  large  volumes  of  cold  water,  but  by  coming  in  contact 
with  cold  metallic  surfaces. 

Thus  the  great  advantage  of  the  surface  condenser  consists  in  its 
providing  a  feed  to  the  boilers  free  from  sea-salt  in  solution. 

Starting  with  the  boilers  filled  to  the  working  level  with  pure 
water,  this  same  water  is  used  over  and  over  again  indefinitely,  the 


FIG.  196. 

only  additional  feed  being  that  necessary  to  make  up  for  the  small 

waste  from  leaky  glands,  loss  by  safety-valves,  etc. 

The  general  arrangement  of  a  surface  condenser  is  shown  in  Fig.  196. 

The  cold  metallic  surface  required  by  which  to  condense  the  steam 

is  provided  by  means  of  a  large  number  of 
thin  tubes  through  which  a  current  of  cold 
water  is  circulated.  This  arrangement 
supplies  a  large  cooling  surface  within 
comparatively  small  limits  of  space. 

The  tubes  are  made  to  pass  right  through 
the  condensing  chamber,  and  so  as  to  permit 
of  no  connection  between  the  steam  and 
condensing  water.  The  steam  is  exhausted 
into  the  condenser,  and  there  comes  in  con- 
tact with  the  cold  external  surface  of  the 
tubes.  It  is  then  condensed,  falls  to  the 
bottom,  flows  into  the  air-pump  chamber, 
and  is  pumped  into  the  hot  well,  from  which 
-pIG  19-^  the  feed-pump  passes  it  forward  to  the 

boiler. 
The  tubes  are  secured  to  tube  plates  as  shown  (Fig.  197),  and  outer 
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covers  are  placed  over  each  end,  space  being  left  to  allow  of  circulation 
ot  the  cooling  water  as  shown  by  the  arrows. 

The   cooling  water  is   forced   through   the    tubes   by  means   of   a 


FIG.  198. 


circulating  pump,  sometimes  of  an  independent  type,  as  shown  in  Fig. 
198,  though  frequently  of   the  simple  plunger    type  worked  directly 


at   the   bottom  comer  of  the 
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from  the  engine. 

The  cold  circulating  water  enters 
condenser  through  a 
flanged  opening  in  the 
cover,  and  it  is  com- 
pelled to  pass  first 
through  the  lower  set 
of  tubes  by  a  horizontal 
dividing-plate,  and  to 
return  through  the  up- 
per rows  to  the  outlet 
leading  to  the  overflow. 

Fig.  199  illustrates 
a  surface  condenser  and 
air-pump  as  applied  to 
marine  engines,  the 
pumps  being  driven 
from  the  main  engines 
by  side  levers  worked 
by  links  from  the  cross- 
head. 

The  Vacuum  Gauge. 
—The  vacuum  gauge 
records  the  difference 
between  the  pressure 
of  the  external  air  and 
the  pressure  in  the  condenser  in  inches  of  mercury,  not  in  pounds 


FIG.  199. 
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per  square  inch.  The  face  of  the  gauge  is  graduated  from  0  to  30 
in.  of  mercury.  One  inch  of  mercury  =  0491  Ib.  pressure.  This  is 
usually  taken  as  0'5,  and  then  1  Ib.  pressure  =  2  in.  of  mercury 
approximately. 

To  convert  the  reading  of  the  vacuum  gauge  into  pounds  per  square 
inch  pressure  measured  from  absolute  zero,  take  reading  of  vacuum 
gauge,  subtract  from  30,  and  divide  by  2. 

Independent  Air-pump  and  Condenser. — To  convert  a  non-condensing 
plant  into  condensing,  a  simple  method  is  to  fix  an  independent  con- 


FIG.  200 

denser  and  air-pump  worked  by  its  own  separate  steam-cylinder. 
Such  an  arrangement  is  shown  in  Fig.  200,  which  illustrates  the 
Worthington  independent  jet  condenser. 

Exhaust  steam  enters  at  A  and  passes  into  the  vacuum  chamber  F, 
through  a  spray  of  cold  water  issuing  from  the  cone  valve  D,  the 
cold-water  supply  being  connected  at  B.  The  quantity  of  cold  injection 
water  is  adjusted  by  the  wheel  E. 

The  condensing  water  and  condensed  steam  are  removed  by  the  air- 
pump  G,  through  the  suction  valves  H,  and  the  discharged  valves  I, 
to  the  discharge  pipe  J. 

The  Worthington  pump  is  "duplex  "  —  that  is,  there  are  two  steam- 
cylinders  and  two  pumps  working  together  side  by  side,  forming  one 
set,  and  so  combined  as  to  act  reciprocally,  each  on  the  steam-valve  of 
the  other.  The  one  piston  acts  to  give  steam  to  the  other,  after  which 
it  finishes  its  own  stroke,  and  waits  for  its  valve  to  be  acted  upon 
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before  it  can  renew  its  motion.  This  pause  allows  all  the  valves  to 
close  quietly,  and  prevents  shocks.  One  or  other  of  the  valves  is 
always  open,  and  there  can  therefore  be  no  dead  point. 

Fig.  201  illustrates  the  Wheeler  independent  surface  condenser 
mounted  011  its  own  air  and  circulating  pumps,  these  pumps  being 
driven  by  a  single  separate  steam-cylinder  shown  between  them. 


FIG.  201. 

A  feature  of  this  condenser  is  the  "  double-tube  system "  of  con- 
veying the  cooling  water,  as  shown  in  Fig.  202.  The  circulating  or 
cooling  water  enters  at  the  outer  end  of  the  smaller  internal  tubes, 
which  extend  nearly  to  the  far  end  of  the  larger  tubes.  The  small 
tubes  are  open  at  'the  inner  end,  and  the  large  tubes  are  closed  at 


FIG.  202. 

that  end  by  a  brass  cap.  Thus  the  water,  after  passing  through  the 
small  tube,  returns  in  the  opposite  direction  through  the  annular 
space  between  the  two  tubes.  By  this  device  the  surface  exposed  per 
unit  weight  of  cooling  water  supplied  is  considerably  increased. 

The  water  passes  from  the  lower  group  of  tubes  to  the  higher,  as 
shown  by  the  arrows,  and  after  passing  in  a  similar  manner  through 
the  upper  group  of  tubes,  leaves  the  condenser  at  the  top. 

Weight  of  Water  required  per  Pound  of  Steam  condensed.— Each 
pound  of  cooling  water  entering  a  jet  condenser  will  gain  /2  —  ^i  unit-s 
of  heat,  and  each  pound  of  steam  condensed  will  lose  H  —  t,  units  of 
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heat  ;  where  t2  =  final  temperature  of  mixture  of  condensed  steam  and 
injection  water,  tj  =  initial  temperature  of  injection  water,  H  =  total 
heat  of  steam  at  pressure  in  exhaust  pipe.  If  W  =  weight  of  cooling 
water  required  per  pound  of  steam,  then — 

W(t2  -  0  =  H  -  (t,  -  32) 

w  =  E£&±*a 

This  assumes  the  steam  dry  at  exhaust,  which  is  sufficiently  accurate 
for  practical  purposes. 

The  weight  of  water  required  for  condensing  in  surface  condensers 
is  somewhat  greater  than  that  in  jet  condensers,  because  in  surface 
condensers  the  final  temperature  (23)  of  the  cooling  water  on  one  side 
of  the  cooling  surface  must  always  be  less  than  that  of  the  steam  (£2) 
on  the  other  side  of  the  surface ;  whereas  in  the  jet  condenser  the 
condensing  water  and  condensed  steam  are  both  finally  at  the  same 
temperature  (Q.  For  surface  condensers,  assuming  the  exhaust  steam 
from  the  cylinder  is  dry — 


WATER^/ 
INLET 


H  —  t.2  —  32  being  the  heat  lost  by  the  steam,  and  tf;!  —  ^  being  the 

heat  gained  by  the  condensing  water. 

The  Ejector  Condenser. — This  apparatus,  as  constructed  by  Messrs. 

T.  Led  ward  &  Co.,  is  illus- 
trated in  Figs.  203  and  204. 
The  cold  water,  which  should 
be  supplied  from  a  head  of  15 
to  20  ft.,  enters  the  apparatus 
through  a  contracted  nozzle  as 
shown,  and  passes  forward  in 
the  form  of  a  round  solid  jet 
through  a  series  of  coned 
nozzles,  and  at  a  suitable  ve- 
locity obtained  from  the  head 
of  water  in  the  supply  pipe. 

The  exhaust  steam  entering 
the  apparatus  flows  into  the 
annular  spaces  between  the 
cones,  and  is  condensed  by 
the  stream  of  cold  water  and 
rapidly  carried  away  ;  and  this 
condensation  of  the  exhaust 
steam  takes  place  so  rapidly 
as  to  maintain  a  high  degree 
of  vacuum  in  the  exhaust 
chamber. 

DISCHARGE  Where     a     natural    fall    of 

FIG.  203.  water  is  not  available,  a  pump 
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must  be  used  to  raise  the  water  to  the  required  height,  or  to  force 
the  water  direct  into  the  condenser. 

With  this  apparatus  a  vacuum  can  be  obtained  before  the  engine 
starts,  which  is  in  some  cases  an  advantage. 

No   air-pump    is  required  with  the  ejector  condenser.     It  will  be 


PIG.  20k 

noticed  that  the  ejector  condenser  delivers  a  stream  of  water  against 
atmospheric  pressure  while  there  is  a  more  or  less  perfect  vacuum  in 
the  condenser  itself.  This  is  due  to  the  kinetic  energy  of  the  jet  of 
water  being  able  to  overcome  atmospheric  resistance.  The  amount 
of  condensing  water  required  per  pound  of  steam  condensed  may  be 
calculated  in  the  same  way  as  already  described  for  the  jet  condenser. 

Evaporative    Condensers. — The    chief    difficulty    in    the    way    of 
working    engines    condensing   instead    of   non-condensing   has   usually 
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been  the  absence  of  a  good  supply  of  water,  the  quantity  required 
in  surface  and  jet  condensers  being  from  twenty  to  thirty  times  the 
weight  of  the  feed-water  used.  But  with  the  introduction  of  the 
evaporative  condenser,  the  absence  of  a  good '  water-supply  is  no 
longer  a  difficulty,  as  the  same  result  may  be  obtained  by  the  action 
of  air  on  an  extended  cooling  surface.  By  the  use  of  such  an  extended 
external  cooling  surface,  it  is  possible  with  a  supply  of  cooling  water 
no  greater  in  amount  than  that  used  by  the  boiler  feed,  or  even  less, 
to  secure  an  efficient  vacuum. 

The  increase  of  power,  or  increase  of  economy  of  steam  for  the 
same  power  as  compared  with  working  non-condensing,  as  already 
stated,  may  be  considerable,  while  after  the  first  cost  of  the  apparatus 
the  working  expenses  are  practically  nothing.  Thus  if  the  mean 
effective  pressure  on  the  piston  without  a  condenser  is  30  Ibs.  per  square 
inch,  and  this  mean  pressure  be  increased  by  an  additional  12  Ibs. 
due  to  removal  of  back  pressure  by  the  condenser,  we  have  a  gain 
of  40  per  cent.,  and  this  gain  would  probably  be  a  very  good  interest 
on  the  outlay. 

The  evaporative  condenser,  as  made  by  Messrs.  Ledvvard  &  Co. 
(Fig.  205),  consists  of  a  series  of  pipes  arranged  and  constructed 
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FIG.  205. 

so  as  to  afford  a  large  external  radiating  surface,  over  which  small 
streams  of  water  are  allowed  to  slowly  trickle.  The  exhaust  steam 
enters  the  system  of  pipes  at  one  end,  the  other  end  being  connected 
with  an  air-pump  which  maintains  a  vacuum  in  the  pipes.  The 
exhaust  steam  parts  with  its  heat  by  evaporation  of  the  water  on 
the  external  surface  of  the  pipes.  A  circulation  of  cooling  water  is 
continuously  maintained  by  means  of  a  circulating  pump,  which 
feeds  from  the  collecting  tank  below  the  system  of  pipes. 

The  apparatus  just  described  is  in  all  respects  similar  to  an  ordinary 
surface  condenser. 

Condensing-water  Coolers. — The  illustration  (Fig.  206)  shows  an 
arrangement  by  Messrs.  Worthington  for  re-cooling  the  condensing 
water,  which  is  discharged  from  an  ordinary  jet  condenser.  This 
arrangement  is  not  to  be  confounded  with  the  evaporative  condenser. 
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The  feature   of    the    arrangement    is    that  the  condensation   may   be 
maintained  continuously  by  the  use  of  a  comparatively. small  original 
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FIG.  206. 

supply  of   cooling  water,    this   water,   which   is    used    over   and  over 
again,  being    successively  heated    in  the  condenser  and   cooled   in  a 


cooling  tower. 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


The  heated  water,  on  leaving  the  condenser,  is  raised  to  the  top  of 
the  tower,  where  it  is  distributed,  and  cooled  by  means  of  a  current  of 
air  induced  by  a  fan,  and  finally  returned  to  the  storage  tank,  from 
which  it  is  again  drawn  for  re-use  in  the  condenser. 

A  small  portion  of  the  water  is  evaporated  in  the  tower,  but  the 
amount  so  evaporated  is  less  than  that  of  the  condensed  steam  by 
which  the  injection  water  is  continuously  augmented  in  the  condenser. 
The  cooling  surface  within  the  tower  is  made  up  of  series  of  hollow 
cylindrical  tiles  arranged  one  above  the  other  but  not  concentrically. 
In  this  way  a  large  cooling  surface  is  provided. 

The  hot  water  from  the  condenser  passes  up  by  a  pipe  through  the 
centre  of  the  tower,  and  is  sprayed  over  the  top  row  of  tiles  by  distri- 
buting pipes,  which  rotate  around  the  central  pipe ;  the  rotation  being 

accomplished  by  the  reaction 
of  the  jets  of  water  issuing 
from  the  sides  of  the  rotating 
pipes. 

The  Edwards  Air  -  Pump 
(Fig.  206a).— The  feature  of 
this  air-pump  is  that  the  foot 
valves,  and  the  bucket  valves 
of  the  ordinary  type  of  air- 
pump  are  dispensed  with,  head 
valves  only  being  required. 
The  condensed  steam  flows  by 
gravity  from  the  condenser  into 
the  base  of  the  pump,  and  from 
thence  it  is  ejected  mechani- 
cally by  means  of  a  solid  conical 
piston  descending  upon  the 
base,  which  is  also  conical, 
and  which  fits  the  piston  when 
the  piston  is  at  the  bottom  of 
its  stroke. 

When     the    conical     piston 
descends,  the  water  is  projected 
FIG.  206a.  at  a  high  velocity,  silently  and 

without    shock,    through     the 

ports  shown  at  the  bottom  of  the  working  barrel  of  the  air-pump. 
The  rising  piston  or  bucket  closes  the  ports,  traps  the  air  and  water, 
and  discharges  them  through  the  valves  at  the  top  of  the  barrel.  This 
pump  is  said  to  be  equally  successful  at  high  and  low  speeds. 
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FEED-WATER  HEATERS. 

THE  importance  of  heating  the  feed-water  supplied  to  boilers  cannot 
be  too  frequently  impressed,  from  the  point  of  view  not  only  of 
economy,  but  also  of  the  durability  of  the  boiler. 

The  economy  obtained  by  the  use  of  feed-water  heaters  arises  from 
the  fact : 

(1)  That  the  heat  used  for  the  purpose  of  feed  heating  is  usually 
heat   which  would   otherwise  have  been  wasted  :  as  in  exhaust  feed 
heaters  and  waste  chimney-gas  feed  heaters. 

(2)  That    the   evaporative   power  and    efficiency   of   the  boiler  are 
increased  when  the  solid  matter  dissolved  in  the  feed-water  has  been 
first  separated  and  deposited  in  the  feed-heater,    rather  than  on  the 
more  effective  heating  surface  of  the  boiler. 

The  economy  obtained  by  using  heat  for  feed  heating  which  would 
otherwise  be  wasted,  may  be  illustrated  numerically  as  follows : — 

Suppose  steam  supplied  from  the  boiler  at  150  Ibs.  pressure  by 
gauge.  Then  the  total  heat  per  pound  from  32°  =  1193-6  units;  or  if 
the  cold  feed-water  is  at  60°  F.  then  the  net  heat  per  pound  required 
=  (1193-6  -  (60  -  32)}  = 
1165-6  thermal  units  with 
a  cold  feed-supply. 

If  now  the  temperature 
of  the  feed-water  is  raised 
to  200°,  we  shall  require 
from  the  boiler  furnace, 
for  each  pound  of  water 
evaporated  (1193-6  -  (200 
-  32)  }  =  1025-6  thermal 
units,  which  is  a  gain  of 

140 
1 165-6  X  100  =  12  per  cent. 

The   diagram    (Fig.   207) 

shows    the    extent    of    the  0         40  60  ao  I00 120 
gain  by  heating  feed  water.  TEMPERATURE  OF  FEED 

Thus,    referring    to  the    in-  -pio.  207. 

clined  line    drawn    through 

a  feed  temperature  of  40°,  it  is  seen  that  by  heating  the  feed  to  1 60 


CAIN  BY  FEED  HEATING 
STEAM  AT  100  LBS. 


192 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


the  gain  is  over  10  per  cent.  ;  or  if  it  is  raised  to  280°  the  gain  is 
over  20  per  cent.  The  inclined  lines  have  been  plotted  from  calcu- 
lation. 

A  good  form  of  exhaust-steam  feed-heater,  as  made  by  the  Wheeler 
Engineering  Company,  is  illustrated  in  Fig.  208. 

The    exhaust   steam  enters  the  lower  part   of   the  heater,   passing 
around  and  among  the  tubes,  and  leaves  by  an  exit  towards  the  top 

of  the  heater.  The  space  sur- 
rounding the  tubes  in  the  heater 
is  made  large  enough  to  allow  a 
free  passage  of  the  steam  with- 
out increasing  back  pressure. 

The  cold  feed-water  passes 
through  the  tubes,  entering  at 
the  bottom  and  passing  upwards 
to  the  top  through  one  half  of 
the  tubes,  and  downwards  to  the 
bottom  through  the  other  half. 

The  tubes  are  screwed  into 
the  tube-plate  at  one  end,  and 
at  the  other  end  pass  through  a 
stuffing  box,  so  that  the  tubes 
are  free  to  expand  independently 
of  the  body  of  the  condenser. 
The  feed-water  and  that  part  of 
the  heater  containing  it,  are 
under  boiler  pressure,  and  must 
therefore  be  constructed  of  suit- 
able strength  for  the  purpose. 
The  feed-  water  is  forced  into 
the  boiler  by  the  feed  pump, 
through  the  heater,  against  the 
FIG.  208.  pressure  of  the  boiler. 

A  feed-water   heater   may    be 

of  value  even  in  condensing  engines,  the  heater  being  then  placed 
between  the  engine  and  the  condenser.  The  gain  in  such  a  case  is 
due  to  the  fact  that  the  temperature  of  the  water  in  the  hot  well  is 
usually  much  lower  than  that  corresponding  with  the  pressure  of 
the  steam  in  the  exhaust  pipe.  For  example,  the  water  in  the  hot 
well  may  not  be  more  than  90°,  while  the  temperature  of  the  steam 
in  the  exhaust  pipe  may  be  150°. 

The   use  of    the    exhaust    steam    from    auxiliary    engines    for    the 
purpose  of  feed-heating  is  considered  good  practice. 

Feed-heating1  by  Steam  from  the  Receiver  of  a  Compound  Engine.1— 
It  has  been  already  pointed  out  that  the  maximum  efficiency  of  a  heat 

T  —  T 

engine   is   expressed    by    the    equation    -^—^  —  -,  where    Ta  =  initial 


1  See  an  article  on  "Feed  Water  Heaters,"  by  Dr.  A.  C.  Elliott,  Engineering, 
January  11.  1895. 
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temperature  of  the  working  fluid,  and  T2  =  the  temperature  due  to  the 
back  pressure  against  the  piston. 

But  the  efficiency  of  the  steam-engine  cycle  falls  short  of  this, 
owing  to  the  heat  of  the  feed  not  being  supplied  at  the  maximum 
temperature,  but  along  a  gradually  increasing  temperature  line. 
The  useful  work  done  falls  short  of  the  Carnot  cycle  by  the  dotted 
triangle  aeb  (Fig.  209). 

This  efficiency,  however,  may  be  further  approached  by  the 
method  of  abstracting  heat  from  the  working  steam  by  stages  during 
expansion,  from  the  high-pressure  cylinder  downwards  towards  the 
condenser,  for  the  purpose  of  heating  the  feed -water.  The  cycle  then 
becomes  similar  to  that  of  the  engine  of  Dr.  Stirling,  who  applied 
the  regenerative  principle  of  adding  and  subtracting  heat  to  and 
from  the  working  fluid  by  means  of  a  regenerator.  Thus,  in  Fig.  210, 
if,  instead  of  expansion  along  ct  from  Tx  to  T2,  heat  is  abstracted  for 


er— 


a 


FIG.  209. 


FIG.  210. 


FIG.  211. 


the  purpose  of  feed-heating  equal  in  amount  to  the  area  mdcg ;  then, 
if  the  heat,  mdcg,  so  abstracted  be  transferred  to  the  working  fluid, 
and  the  amount  transferred  per  pound  be  equal  to  that  required  to 
raise  the  temperature  of  the  1  Ib.  of  feed-water  from  T2  to  TM  namely, 
fa bh  :  then  the  net  heat  added  =  area  Jibcg  ;  and  the  net  heat  rejected 
=  area  fadm  =  area  listy  ; 

abed          sbct  __  T,  -  T2 


and  the  efficiency  = 


fabcdm       Jibcy 


The  system  introduced  by  Mr.  Weir  of  heating  the  feed-water  by 
steam  taken  from  the  receiver  between  the  cylinders  of  compound 
engines  is  an  approximation  to  the  same  result.  Thus,  instead  of 
the  expansion  being  carried  along  the  adiabatic  line,  cd,  from  c  to  d, 
it  expands  from  c  to  e  (Fig.  211)  in  the  high-pressure  cylinder,  and 
then  a  portion  of  the  dry  steam,  namely  ep  -f-  em,  is  extracted  from 
the  receiver  to  heat  the  feed-water.  If  an  indefinite  number  of  small 

o 


194 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


portions  be  extracted,  then  the  irregular  line,  ceps,  will  approach 
nearer  and  nearer  to  the  dotted  line,  ck,  and  the  efficiency  becomes 
equal  to  (1\  -  T2)  -^-  Tx. 

Taking  a  numerical  example :  Compare  the  efficiency  of  a  triple-expansion  engine 
with  and  without  feed-heating,  the  feed  being  heated  in  the  former  case  by  steam 
from  the  receiver  between  the  intermediate  and  low-pressure  cylinders  (Fig.*212). 
Initial  absolute  temperature  of  steam  1\  =  842° 
Temperature  in  exhaust-pipe  T2  =  624° 
Temperature  in  receiver  R2  =  T3  =  740° 
Absolute  temperature  of  air-pump  delivery  =  590° 

Suppose  10  per  cent,  of  the  steam  be  taken  from  receiver  R2  a^  temperature  T3  to 
heat  the  feed-water. 

1.  Efficiency  without  feed-heating: — 

To  find  the  value  of  U  =  the  number  of  units  of  heat  converted 


FEED  HEATER 

FlG.   212. 


into  work  with  steam  working  from  Tx  and  expanding  down  to  T2,  and 
exhausting  at  that  temperature. 

Total  work  done  Without  feed-heating  =  U 


=  (1437  -  0-7 


e       (see  p.  54) 


=  (847-6  X  0-2589)  +  218  -  187-2 
=  250-24 

Also,  total  heat-units  supplied  per  pound  of  steam — 
=  II  =  1437  -f  0-3TX  from  absolute  zero 
=  1082  -f  0-3*  from  32°  Fahr. 
Or  from  feed-temperature  590°  absolute 

=  (1437  -f  O-STj)  -  590  =  1099  6  units 

TJ       250*^4 

therefore  efficiency  =  '&=-=•  =  -     f-r=0'22819 

xi       luyy'o 
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2.  Efficiency  with  feed-heating  :  — 

If  U  =  work  done  per  pound  working  from  Tj  to  T2 
Ua=  „  „  „  TlToT3 

U,  =  total  work  done 

Then,  since  —  Ib.  of  the  steam  passing  through  the  engines  is  removed 
at  T3,  the  total  work  done  per  pound 


But  the  value  of  U  has  been  found,  and  it  only  now  remains  to 
find  the  value  of  Urt,  the  process  being  exactly  the  same  as  in  finding 
U,  substituting  T3  for  T2  throughout  ;  thus,  to  find  Ua,  or  the  work 
done  per  pound  of  steam  working  between  the  temperatures  Tj 
and  T3— 

Uft  =  (1437  -  0-7  TO^-~  +  (T,  -  T.)  -  T3  Iog6  ^ 

=  847-6  X  0-12114  +  102  -  95'608 
=  109-072  heat-units. 

Total  work  done  (U,)  by  the  steam  when    -    is  extracted  from  the 
receiver;  and  when  n  =  10;  then  — 


=  0-9  X  250-24  +  O'l  X  109-072 
=  236-123  heat-units. 

But  the  work  done  when  no  steam  was  withdrawn  from  the 
receiver  was  equal  to  250-24,  and  is,  of  course,  greater  than  when 
steain  was  withdrawn  from  the  receiver.  Before,  however,  we  can 
compare  the  efficiencies  of  the  two  systems  we  must  find  the  net 
heat  supplied  in  each  case,  and  for  this  purpose,  in  the  latter  case, 
we  must  find  the  temperature  (Fa)  of  the  hot  feed  obtained  by  this 
system  of  feed-heating. 

Thus,  if  F  be  the  temperature  of  the  unheated  feed-water,  and 
1437  +  O'ST!  =  the  total  heat  of  steam  when  temperature  is  expressed 
in  absolute  units,  we  have — 

1437  +  0-3  T!  -  U« 


=  (590  x  0-9)  +  (1689  6  -  109-072)  X  O'l 
=  689-05 

Then  net  heat  supplied  with  the  hot  feed  from  receiver  =  Hl}  and 

Hx  =  1437  -f  0-3^  -  Fj 
=  1000-55 

We  can  now  compare  the  efficiencies — 
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INITIAL  TEMP.  842 


°^ 


RECEIVER    TEMP.  74. 0/ 


TEMP.  OF  HOT  TEED    689, 

EXHAUST  TEMP.  624° 
HOT  WELL  TEMP, 


(1)  Efficiency  without  hot  feed  =  0-22819  as  already  found. 

U        '?36'123 

(2)  Efficiency  with  hot  feed  =  Ex  =  g-=  ^QQ^  =  0-236 

There  is,  therefore,  a  gain  in  favour  of  the  system  of  heating  the 
feed-water  by  steam  withdrawn  from  the  receiver  in  the  proportion 
of  0-236  :  0  22819,  or  a  gain  of  3'4  per  cent. 

The  economy  obtained  by  feed-heating  may  be  well  seen  by 
reference  to  the  temperature-entropy  diagram  (Fig.  213).  Thus, 

taking  the  data  used  in  the 
above  problem,  the  diagram 
represents  first  the  heat  in 
the  feed-water  which  is  in- 
eluded  within  the  area  to 
the  left  of  ha.  The  tem- 
perature of  the  water  from 
the  hot  well  is  given  as 
590°  Fahr.  absolute.  This 
is  seen  to  be  34°  below  the 
temperature  of  the  exhaust 
steam.  It  should  here  be 
noticed  that  the  tempera- 
ture of  the  condensed  steam 
passing  away  through  the 
air-pump  is  always  below 
that  due  to  the  pressure  in 
the  condenser,  in  conse- 
quence  of  the  cooling  due 
to  the  excess  circulating 
water  passing  through  the  condenser.  This  excess  is  necessary, 
otherwise,  the  condensed  steam  in  the  condenser  being  near  its 
boiling-point,  the  air-pump  would  not  work. 

With  the  conditions  already  described,  the  heat  required  per  pound 
of  steam,  when  the  feed  is  drawn  direct  from  the  condenser,  is  given 
by  the  area  Jiacdfh.  By  the  arrangement  described  of  supplying 
steam  from  the  receiver  to  heat  the  feed,  the  temperature  of  the  feed 
has  been  raised,  and  the  total  heat  now  required  to  generate  1  Ib. 
of  steam  is  reduced  by  the  area  hanmh,  making  the  net  heat  required 
=  mncdfm.  This  has  been  accomplished  at  the  expense  of  a  loss  of 
heat  =  vtsfv,  or  a  loss  of  useful  work  =  rise.  The  net  gain  has  been 
shown  to  be  3  '4  per  cent. 

Feed-  water  Filters.  —  The  chief  objection  to  the  use  of  condensed 
steam  as  a  boiler-feed  is  the  presence  of  oil  carried  out  of  the 
cylinders  with  the  exhaust  steam,  and  which,  if  pumped  into  the 
boilers,  may  cause  serious  trouble  through  deposit  on  the  furnace 
plates.  Too  much  care  cannot  be  taken  to  prevent  oil  passing  into 
the  boilers,  and,  for  the  purpose  of  separating  the  oil,  the  feed-  water 
is  passed  through  a  feed-  water  filter. 

If  a  sample  of  unfiltered  feed-water  from  the  hot  well  of  a  surface 
condenser  be  drawn  off,  it  will  be  seen  to  have  a  slightly  milky 
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appearance,  and  to  be  soapy  to  the  touch.  When  this  water  is 
passed  through  a  good  filter,  the  oily  constituents  are  almost  entirely 
removed.1 

These  niters  consist  essentially  of  a  series  of  layers  of  filter- cloths 
and  fine  grid-wire  meshes,  through  which  the  feed-water  is  either 
drawn  or  forced  by  the  feedTpumps,  and  is  thereby  cleansed  of 
suspended  matter. 

The  filtering  material  meantime  becomes  gradually  laden  with  a 
dark  viscous  muddy  deposit,  consisting  of  heavy  oils  and  certain 
mineral  matter.  This  deposit  is  periodically  removed  from  the  filter 
by  cleaning  or  renewal  of  the  filtering  medium. 


FILTER  CLOTH    BETWEEN 
GAUZE    DISCS 


FIG.  214. 

The  filter,  of  course,  removes  solid  matter  only  ;  the  impurities  dis- 
solved in  the  feed-water  pass  forward  into  the  boiler  unless  removed 
in  a  feed-water  heater  or  by  chemical  means.  The  efficiency  and 
duration  of  a  filter  depend  upon  the  nature  of  the  filtering  material 
and  upon  the  thickness  or  number  of  strata  through  which  the  feed- 
water  passes.  The  filter  should  be  placed  at  the  point  of  lowest 
possible  temperature  of  the  feed-water,  for  the  lower  the  tempera- 
ture the  more  viscous  and  the  less  fluid  is  the  condition  of  the  oily 
matter,  and  the  more  easily  it  is  separated  from  the  feed-watei 

i  See  article  by  Mr.  N,  Sinclair,  in  Cornier'*  Magazine,  October,  1 85)7. 
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Fig.  214  is  a  type  of  feed- water  filter  made  by  the  Harris  Filter 
Company.1  The  arrangement  speaks  for  itself. 

To  reduce  the  amount  of  oil  returned  to  the  condensers  from  the 
engines,  regulations  have  been  introduced,  in  some  cases  of  marine 
practice,  prohibiting  the  use  of  oil  in  the  cylinders,  not  only  of  the 
auxiliary,  but  also  of  the  main,  engines ;  and  experience  has  shown 


FIG.  215. — C  =  connection  from  main  steam-pipe;  D  =  condenser;  E  =  pipe  for 
transmitting  pressure  of  head  of  water  in  condenser  D  to  oil-chamber ;  Gr  =  oil- 
chamber  ;  H  =  plug  valve  for  filling  oil-chamber ;  K  =  valve  for  regulating 
delivery  of  oil;  L  =  sight-feed  glass  tube,  showing  delivery  of  oil  in  drops; 
M  =  connection  to  steam-chest  of  engine,  or  to  steam-pipe,  for  delivering  the 
oil ;  N  =  valve  for  running  off  condensed  water  from  oil-chamber. 

that  vertical  engines  may  be  worked  without  any  lubrication  of  the 
pistons  except  by  the  water  in  the  cylinder;  but  there  is  certainly 
a  loss  of  efficiency  in  most  cases,  due  to  increased  friction. 

The   Sight-feed   Lubricator  has  been   a   most   valuable  invention, 
as  it  provides  for  a  regular    supply  of   oil  to  the   cylinder,  and  in 

1  From  Cassier's  Magazine,  October,  1897. 


SIGHT-FEED  LUBRICATORS.  199 

minimum  quantities.  The  diagram  (Fig.  215)  illustrates  Grandison's 
condenser  type  of  sight-feed  lubricator.  This  lubricator  acts  by  the 
pressure  obtained  from  the  head  of  water  contained  in  the  condenser 
D  and  the  vertical  pipe  E,  connecting  it  to  the  bottom  of  the  oil- 
chamber  G.  When  first  fixed,  the  condenser  and  pipe  are  filled  by 
hand,  or  allowed  to  fill  by  the  condensation  of  steam  admitted  by  the 
pipe  C  attached  to  top  of  the  tube.  The  oil-chamber  is  filled  with 
oil  through  the  plug  valve  H,  and  the  sight-tube  L  is  filled  with 
water.  The  valves  F  and  K  at  the  bottom  of  the  condenser-tube 
and  sight-tube  respectively  are  then  opened,  the  condensed  water 
enters  the  bottom  of  the  oil-chamber,  and  by  its  pressure  displaces 
the  oil,  which  flows  from  the  top  down  the  small  centre  tube,  and  is 
forced  through  the  nozzle  inside  the  glass  tube  L.  The  oil  leaves 
the  nozzle  in  drops,  and  ascends  through  the  water  in  the  tube,  and 
thence  through  the  pipe  to  the  steam-chest  of  the  engine.  The 
rate  of  feed  or  number  of  drops  is  regulated  by  the  valve  K  at  the 
bottom.  When  the  oil  is  exhausted,  it  is  replenished  by  first  closing 
the  inlet  and  outlet  valves,  removing  the  plug  valve  H,  and  running 
the  condensed  water  off  by  the  small  valve,  N,  at  the  bottom.  This 
valve  is  then  closed,  and  the  chamber  refilled  with  oil. 


CHAPTER   XIV. 


GOVERNORS. 

Regulation  of  the  Speed  of  the  Engine. — Variation  in  speed  of  an 
engine  may  be  due  to  variation  of  load  on  the  engine,  or  to  variation 
of  mean  pressure  of  the  steam  in  the  cylinder.  When  the  variation 
is  of  the  nature  of  a  gradual  increase  or  decrease  of  speed  extending 
over  a  number  of  revolutions,  such  variation  is  controlled  by  the 
governor.  When,  however,  the  speed  of  rotation  tends  to  vary 
during  the  period  of  a  single  revolution,  due  to  variable  turning 
effort  on  the  crank -pin,  or  to  sudden  change  of  load,  as  in  a  rolling 
mill,  such  variation  is  regulated  by  the  flywheel. 

The  object  of  the  governor  is  to  maintain  as  nearly  as  possible  a 
uniform  speed  of  rotation  of  the  engine  independently  of  change  of 
load  and  of  boiler-pressure. 

None  of  the  governors  applied  to  steam-engines  are  able  to  accom- 
plish this  result  perfectly,  for,  being  themselves  driven  by  the  engine, 
they  cannot  begin  to  act  until  a  change  of  velocity  has  first  occurred 
to  give  motion  to  the  regulating  mechanism. 

In  practice,  however,  when  any  change  of  velocity  does  take  place, 

a  good    governor    instantly  acts  and 
A   prevents  anything  more  than  a  small 
alteration  of  speed. 

Governors  regulate  the  speed  by 
regulating  the  mean  pressure  of  the 
steam  acting  on  the  piston.  This  is 
usually  done  in  one  of  two  ways  — 

1.  By  throttling  ;  that  is,  by  vary- 
ing the  initial  pressure  of  the  steam 
supplied,  the  point  of  cut-off  remain- 
ing constant. 

2.  By  variable  expansion  ;  that  is, 
by  varying  the  point  of  cut-off  in  the 
cylinder,  the  initial  pressure  remain- 
ing constant. 

The   principle    of    action   of    most 
governors   depends  upon  the  change 
of  centrifugal  force  when  the  rate  of 
rotation  changes. 
In  the  case  of  a  simple  revolving  pendulum,  let  W  =  weight   of 
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ball,  and  F  =  centrifugal  force  due  to  speed  of  rotation,  h  =  height 
of  cone  of  revolution,  and  r  =  radius  of  rotation  of  ball.  Then, 
if  the  speed  of  rotation  is  constant,  the  ball  remains  at  a  constant 
distance,  r,  from  the  axis  of  rotation  by  the  action  of  the  centri- 
fugal force  F.  The  measure  of  the  force  necessary  to  maintain  the 
ball  at  this  constant  distance,  r,  may  be  shown  by  means  of  a  weight, 
F,  hanging  over  a  pulley,  as  shown  (Fig.  216).  Then,  taking  moments 
about  A — 

F  X  h  =  W  X  r 

So  that,  knowing  the  values  of  W,  r,  and  h  for  any  given  governor, 
and  neglecting  friction,  F  can  at  once  be  found  by  calculation. 

Fig.  217  illustrates  a  simple  type  of  pendulum-governor,  the  action 
of  which,  as  will  be  seen  by  the  figure,  is,  by  the  rotation  of  the 
balls,  to  cause  a  movement  of  the  sliding- 
sleeve  E  upwards  or  downwards  on  the 
spindle,  and  thus  give  motion  to  the 
bell-crank  lever  C,  which,  in  this  case, 
regulates  the  opening  and  closing  of  the 
valve  through  which  the  steam  is  sup- 
plied to  the  engine. 

Suppose  a  governor  of  the  kind  de- 
scribed is  supplied  for  the  purpose  of 
attachment  to  an  engine.  There  are,  in 
the  first  place,  at  least  two  important 
points  to  loe  determined — 

1.  At  what   speed   must  the  governor 
be    made    to   run.      This   information   is 
needed  in  settling  the  sizes  of  the  pulleys 
or  wheels  by  which  the  governor  is  driven 
from  the  engine-shaft. 

2.  Through   what    range  of  speed  will 
the  governor   run  during   the  movement 
of  the  sleeve  from  its  bottom  to  its  top 
position.     This  must  be  known,  because 
for   any  other   speeds  outside  this  range 
the  governor  may  rotate  on  its  axis,  but 
it  will  in  no  sense  be  a  governor,  and  will 
serve  no  purpose  whatever. 

A  certain  speed  of  rotation  must  be  reached  before  the  balls  move 
from  their  position  of  rest.  When  this  speed  is  reached,  the  governor 
begins  to  act. 

If,  when  the  speed  increases,  the  governor  reaches  its  top  position, 
and  in  doing  so  does  not  close  the  steam-supply  to  the  engine,  then  the 
speed  may  go  on  increasing,  but  the  governor  is  no  longer  acting  as  a 
governor.  It  acts  as  a  governor  only  between  the  range  of  speed  that 
belongs  to  it  while  moving  from  its  bottom  to  its  top  position. 

Let  Fig.  218  represent  the  configuration  of  the  governor  when  in  its 
bottom  and  top  positions  respectively. 


FIG.  217. 
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Then  F  X  h  =  W  X  r 


and  F  is  therefore  known  for  both  positions,  r  and  A  being  deter- 
mined by  measurement,  and  W  being  the  weight  of  one  ball  (omitting 
for  simplicity  the  weight  of  the  arms).  Or  F  may  be  determined  by 
experiment,  as  shown  in  Fig.  216. 

Having  found  F,  we  have  now  to  find  the  speed  of  rotation  which 

will   generate  a  centrifugal  force    equal 
to  F. 

It  is   shown   in  works  on  theoretical 
mechanics  that  centrifugal  force — 

_  mv*  __  Wv2  __  47rVrW 
r    "  ~~      ~~ 


where   n  =  revolutions  of  the 

per  second,  and   r  =  radius   of   rotation 

in  feet. 

This  may  be  conveniently  written — 

F  =  WrN2  X  0-00034 

where  N  =  revolutions  per  minute ;  r  — 
radius  in  feet. 

We  may  now  find  the  speed  N  of  the 
governor  for  the  two  positions  shown  in  the  sketch,  Fig.  218. 

1.  Suppose  W  =  5  Ibs.,  and  taking  first  the  lowest  position  of  the 
governor  balls,  and  finding  the  values  of  r  and  h  by  measurement — 

F  x  h  =  W  x  r 
F  X  13-5  =  5x6 

F  =  2-22  Ibs. 

Then  N2  =  2-22  4-  (5  X  0-5  X  0-00034)  =  2614 
N  =  51  revolutions  per  minute 

2.  To  find  the  speed  in  the  upper  position— 

F  x  h  =  W  x  r 

F  x  10-5  =  5  x  10-5 

F  =  5 

N2  =  5  -r  (5  X  '875  X  0  00034)  =  3361 
N  =  58  revolutions  per  minute 

Here  the  range  of  speed  of  the  governor  is  from  51  revolutions  per 
minute  in  its  bottom  position  to  58  revolutions  in  its  top  position. 
The  effect  of  friction  in  the  working  parts  of  the  governor  will  be 
referred  to  later. 

Height  of  Cone  of  Revolution. — The  relation  between  the  height 
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Ji  of  the  cone  of  revolution  (Fig.  219)  and  the  speed  of  the  governor 
is  obtained  from  the  following  equation  :  — 

F  X  h  =  W  X  r 

_      "WV 
sinco  F  =  - 
gr 

-  X  Ji  =  W  X  r 

gr 


..          . 

tr 

But  v  =  2?rrw  =  2?rr  — 
60 


where  n  =  revolutions  per  second,  and  N  =  revolutions  per  minute  ;. 
gr2  X  60  X  60  x  12      35200  . 


If  the  value  o"f  Ti  for  a  simple  pendulum   governor   be  calculated 
for  different  speeds,  it  will  be  found  that  while  the  change  of  height, 
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FIG.  219. 

A,  for  a  change  of  speed  may  be  comparatively  large  when  the  speed 
of  the  governor  is  low,  when  the  speed  is  increased  the  change  of 
height  for  a  change  of  speed  becomes  so  small  as  to  be  of  no  practical 
value. 

Thus,  for  a  change  of  speed  from  51  to  58  revolutions  we  have  seen 
there  is  a  change  of  height  of  3  in.,  which  gives  a  movement  of  the 
sleeve  of  the  governor  sufficient  to  suitably  open  or  close  the  throttle- 
valve  by  means  of  levers ;  but  when  the  speed  is  increased  to  200 
revolutions,  the  height  h  =  35,200  -4-  (200  x  200)  =  0-88  in.  ;  and 
for  a  speed  of  300  revolutions,  h  =  35,200  4-  (300  x  300)  =  0'39  in. ; 
that  is,  a  change  of  height  of  0'88  —  0*39  =  0-49  in.,  or  about  J  in.  is  all 
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the  movement  of  the  sleeve  which  can  be  obtained  for  a  change  of 
speed  from  200  to  300  revolutions.     This,  of  course,  renders  such  an 
arrangement  useless  for  the  purpose  of  governing  at  high  speeds. 
The  value  of  h  may  be  written — 


where  co  =  -  ==  angular  velocity  in  radians, 

27TN 

and  co  =  — —  radians  per  second 

where  N"  =  revolutions  of  the  governor  per  minute. 

Thus,  if  the  revolutions  of  a  simple  Watt  governor  are  120  per 
minute — 

32*2 

h  =     ^   .,  .  2  =  0-204  ft.  =  2-448  in. 


The  height    h   varies  inversely   as   the   square   of   the    revolutions 

only,  and  does  not  depend  upon  weight 
of  ball  or  length  of  arm ;  thus  the 
height  h  will  be  constant  at  a  con- 
stant speed  for  either  of  the  governors 
A,  B,  or  C  (Fig.  220). 

Loaded    Governors. — It    has    been 
seen  that  the  simple  pendulum  gover- 
nor   is    unsuitable    for   high    speeds, 
because  the  difference  of  height  ^  —  h2 
FIG  220  ^or  a  given  change  of   speed,  rapidly 

becomes  too  small,  as  the  speed  of 
rotation  increases,  to  be  of  practical  service  in  giving  motion  to  the 
steam-regulating  mechanism. 

If  now  a  weight  be  added  which  increases  the  load  on  the  governor, 
but  does  not  increase  the  centrifugal  force,  then  a  large  movement 
of  the  sleeve  may  be  obtained  with  a  high  speed  of  rotation,  and  at 
the  same  time  a  much  more  powerful  type  of  governor  is  obtained 
than  when  no  central  weight  is  used. 

A  loaded  governor  running  at  a  high  speed  may  be  constructed 
with  comparatively  small  rotating  weights,  because  the  centrifugal 
force  increases  as  the  square  of  the  number  of  revolutions  and  only 
directly  as  the  weight  of  the  balls,  and  the  centrifugal  force  there- 
fore rapidly  increases  with  the  speed. 

Fig.  221  is  a  drawing  of  a  model  of  a  Porter  governor  with  which 
many  useful  experiments  may  be  made,  and  which  serves  to  illustrate 
the  principles  involved  in  governor  design,  including  the  values  of 
F  for  varying  positions  of  the  balls,  and  for  varying  weights  on  the 
sleeve,  from  which  the  corresponding  speed  may  be  calculated. 

In  a  Porter  governor  as  illustrated  by  Fig.  222,  it  will  be  seen  that 
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the  load  on  the  sleeve  does  not  itself  add  anything  to  the  centrifugal 
force,  though  it  necessitates  the  generation  of  a  large  centrifugal  force 
in  the  rotating  balls  before  the  load  on  the  sleeve  can  be  moved. 


FIG.  221. 

If  a  load  had  been  put  on  the  balls  as  in  Fig.  223,  then  the  vertical 
movement  of  the  balls  and  the  sleeve  would  be  equal,  but  in  Fig.  222 
the  vertical  movement  of  the  central  load  is  twice  that  of  the  ball. 


0 

w 

0 

w 

FIG.  222. 


FIG.  223. 


Let  K  =  the  velocity  ratio  of  the  vertical  movement  of  the  load  L  to 
the  vertical  movement  of  the  ball  W. 

Then  the  moment  FA  of  the  centrifugal  force  of  the  rotating  ball 


206 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


has  to  balance  the  moment,  not  only  of  its  own  weight  (Wr),  but  also 
its  share  of  the  central  load.  Thus,  referring  to  Fig.  223,  if  the 
central  load  were  attached  to  the  governor  as  shown,  then  each 

weight.  W  would  carry  half  L,  and  the  value  of  F  =   (  W  +  ^  )  7* 

But  since  in  the  Porter  governor  the  central  load  is  moved  through 
a  vertical  distance  =  K  times  that  moved  through  by  W,  then,  by 
the  principle  of  virtual  velocities  — 


But  in  practice  it  is  usual  to  make  K  =  2  ; 
then  F  =  (W  + 


But  F  also  =  -------  ,  where  W  =  weight  of  one  ball;  from  which 

we  have  — 

*  /  f-r^r-r  -  :  -  T~x  - 

revolutions  per  second 

Comparing  the  value  of  n  here  given  for  the  loaded  governor  with 
the  value  of  n  given  for  the  simple  governor,  we  have  the  ratio  — 


_l_      /(-WTLfc.   *      /9 

SV  '  "WT~   '  2W  i 


or  as 


The  equivalent  value  of  h  in  feet  for  a  loaded  governor,  where  the 
central  load  L  has  double  the  vertical  movement  of  the  ball,  may 
also  be  written  thus  : 


These   same    results,    and    many   other   useful   facts   connected   with 

governors,  may  be  shown  graphically,  as 
will  now  be  explained.  Let  the  triangle 
abc,  Fig.  224,  represent  the  triangle  of 
forces  acting  at  the  centre  of  the  ball  of 
the  governor  when  the  governor  is  at  rest ; 
ab  =  weight  of  ball ;  be  =  horizontal  pres- 
sure of  ball  against  point  of  rest  as  shown ; 
and  ac  =  tension  in  arm,  all  to  the  same 
scale  representing  pounds. 

When  the  governor  begins  to  rotate  and 
to  increase  in  speed,  the  centrifugal   force 

F   of    the    ball    increases,    gradually    reducing    the   amount    of    the 
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horizontal  pressure  of  the  ball  against  the  point  of  rest  until  the  two 
are  equal,  after  which  any  further  increase  of  speed  will  cause  the 
ball  to  move  outwards  along  the  arc  cd,  say  to  d.  Then  ade  is  the 
triangle  of  forces  in  the  new  position  of  the  arm,  and  ae  =  weight  of 
ball  to  a  new  scale.  Using,  however,  the  same  scale  as  before,  then 
ab  is  still  the  weight,  and  bf  to  the  same  scale  =  F.  If  ac  and  ad  are 
the  two  extreme  positions  of  the  governor  arm,  then  the  speed  corre- 
sponding to  these  positions  can  be  calculated  from  the  values  of  F, 
given  respectively  by  be  and  bf  to  the  scale  of  pounds  ;  and,  taking 
for  r  the  values  be  and  de  to  a  scale  of  feet — 

F  =  WrN2  X  0-00034 

In  Fig.  225,  let  ab  =  weight  of  one  ball,  and  bd  to  the  same  scale 
=  weight  of  central  load  L  on  sleeve,  as  in  the  Porter  governor. 
The  whole  value  of  L  is 
taken,  and  not  half  L,  for  rea- 
sons explained  above.  Then, 
when  the  speed  of  the  gover- 
nor generates  a  centrifugal 
force  =  be,  if  there  were  no 
central  load,  the  governor 
ball  is  just  about  to  rise,  and 
to  make  an  angle  greater 
than  cab  with  the  spindle  ab. 
But,  with  the  central  load  L 
and  the  spesd  as  before,  the 
centrifugul  force  be  =  df,  the 
effect  is  equivalent  to  the 
arm  ac  lying  in  position  af. 
Produce  ac  to  meet  de  in  e. 
Then  de  is  the  centrifugal 
force  which  must  be  obtained 
from  the  rotating  ball  before 
the  governor  will  begin  to 
move  from  its  position  of 
rest,  df  being  the  centrifugal 
force  to  balance  the  weight 
of  the  ball,  and  fe  to  balance 
the  central  load. 

If   ag   be   the    position    of  FIG.  225. 

the  outer   limit    of  the  arm, 

and,  if  ag  be   continued  to  m,  then  dm,  measured  from  the  dll 
to  the  same  scale  of  pounds  as  ab,is  the  centrifugal  force  necessary  to 
place  the  governor    arm  in  this  position,  and  the  range  of  : 
the  governor   may  be  calculated,  knowing  the  values  of        in  poi 
namely,  de  and  dm  for  the  respective  positions  of  the  arm. 

In  Fig.    225,   eb  =  F1?  and   ed  =  F2,  these   being   respectively 
centrifugal    force  without  and  with  central  load  when  the   ball     rm 
makes  the  angle  cab  with  the  spindle.     But  F  varies  as  the  square 
the  speed  (N)  ;  then — 
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F, 

and  cb 


F. 


ed 

No* 


,2 :  N22 
&  :  ad 
W  :  W 


Similarly,  kb  =  F3  and  wd  =  F4,  these  being  respectively  the 
centrifugal  force  without  and  with  a  central  load,  when  the  ball-arm 
makes  an  angle  gab  with  the  central  spindle. 

From  the  values  of  F  so  obtained,  the  values  of  N  can  be  deter- 
mined for  any  proportions  of  weight  to  central  load. 

If  the  central  load  be  increased  or  diminished  by  an  amount  =  MJ, 
then  the  change  of  speed  N\  to  N2  for  a  given  position  of  the  governor 
arm  is  obtained  from  the  ratio — 

Nj  :  N2 : :  VW  +  L  :  V\Y  +L  ±  to 

Sensitiveness. — The  sensitiveness  of  a  governor  may  be  defined  as 
the  ratio  of  variation  of  speed  wx  —  n.2  to  mean  speed  n,  where  n{ 
and  n2  are  the  range  of  speed  permitted  by  the  governor,  and  the 

sensitiveness  per  cent.  =  MI  ~  Ma  x  100. 

n 

Taking  this  definition  of  sensitiveness,  and  neglecting  the  effect 
of  the  friction  of  the  governor,  and  the  working  parts  connected  with 
it,  it  will  be  found  that  the  addition  of  a  central  load  has  theoreti- 
cally no  effect  upon  the  sensitiveness  of  a  governor,  though  since,  in 
practice,  the  friction  of  the  governor  and  its  gear  may  be  considerable, 
the  sensitiveness  of  the  loaded  governor  is  actually  much  greater 
than  that  of  the  unloaded  one. 

Thus,  if  the  range  of  speed  of  a  governor  of  the  Porter  type,  but 
unloaded,  be  from  60  to  70  revolutions,  then,  if  a  central  weight 
=  8  times  the  weight  of  one  ball  be  added  to  the  central  spindle,  we 
have,  for  the  speed  of  the  governor  in  the  lowest  position — 


or  N2  =  180  revolutions 
and  for  the  highest  position  of  the  ball — 

70  :  N2  Jl  :  *f§ 
or  No  =  210  revolutions 

That  is,  with  the  unloaded  governor  the  sleeve  moved  through  its 
full  movement  between  the  speeds  of  60  and  70  revolutions,  while 
the  loaded  governor  gave  the  same  movement  of  the  sleeve  between 
the  speeds  of  180  and  210  revolutions. 

Applying  now  the  above  formula,  we  have — 

(1)  70_=1«?  100  =16-38  per  cent. 

65 

(2)  210-18010Q=15.38  percent. 

195 
That  is,  the  sensitiveness  is  the  same  in  both  cases  when  friction  is 
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omitted.  But  when  friction  is  included,  the  loaded  governor  is  the 
more  sensitive  type,  because  the  friction  is  a  smaller  proportion  of 
the  total  forces  acting  on  the  governor  when  loaded  than  when 
unloaded. 

About  2  per  cent,  variation  of  speed  of  the  engine  is  the  practical 
limit  of  variation  with  good  governors.  A  less  percentage  than  this 
requires  a  very  large  flywheel. 

Diagram  of  Forces  for  the  Porter  Governor.— Fig.  226  shows 
a  Porter  governor  with  another  form  of  the  diagram  of  forces  drawn 
for  the  two  limiting  positions  of  the  balls.  The  object  is  to  find  the 
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FIG.  226. 

centrifugal  force  F  at  these  two  positions,  and  to  find  therefrom  the 
maximum  and  minimum  speed  of  the  governor. 

In  the  example  taken,  the  weight  W  of  each  ball  is  3  Ibs. ;  the 
central  load  L  is  40  Ibs.  ;  in  the  lowest  position  the  radius  r 

4-72  6'05 

—  ft.,  and  in  the  highest  position  r  =  — —  ft. 
12  1  - 

In  order  that  the  system  of  forces  acting  on  the  lever  BD  joining 
the  ball  and  sleeve  may  be  in  equilibrium  in  any  position  of  the 
governor,  the  resultant  of  the  forces  acting  upon  it  must  pass 
through  its  virtual  or  instantaneous  centre  of  rotation. 

Produce  the  lines  AB  and  ED  to  meet  in  O.  Then  O  is  the  instan- 
taneous centre,  and  the  resultant  of  the  weights  and  centrifugal  force 
acting  on  this  side  of  the  governor  must  pass  through  the  point  O. 
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42-3LBS *(> 27-2LBS  — - 

FIG.  227. 


The    vertical   resultant  =  W  +  77,  and  this  force  RG  is  set  down 

2i 

to  any  convenient  scale  from  the  horizontal   line   through   B.     The 
position  of  this  resultant  of  the  vertical  forces  is  obtained  by  dividing 

the  horizontal  distance  be- 
tween the  verticals  through 
B  and  D  in  the  propor- 
tion of  the  weights  acting 
through  B  and  D.  In  the 
present  case  BR  =  f|  of 
the  horizontal  distance. 

The  centrifugal  force  is 
horizontal,  and  may  be 
taken  as  acting  through  the 
centre  of  the  ball  B.  The 
resultant  of  the  centrifugal 
and  vertical  forces  must 
act  through  O.  Join  RO ; 
and  from  G,  the  extremity  of  the  vertical  resultant  draw  a  horizontal 
to  meet  RO  or  RO  produced  in  K.  Then  GK  is  the  centrifugal  force 
required  in  pounds  to  the  same  scale  as  the  scale  of  weight  in  RG. 
From  this  the  number  of  revolutions  required  to  balance  the  governor 
in  this  position  may  be  at  once  calculated  as  before, 

A  similar  process  is  adopted  for  the  other  position  of  the  governor 
shown.  The  centrifugal  force  is  again  determined,  and  the  speed 
obtained. 

Thus  the  range  of  speed  of  the  governor  is  known. 
In  the  present  example,  in  the  lower  position,  the  force  F  =  27*2 
and  the  revolutions  N  =  260 ;  in  the  higher  position,  F  =  42 '3  and 
N  =  290.  The  same  result  is  shown  by  drawing  the  vertical  line  of 
Fig.  227  to  the  scale  of  weights,  namely,  W  =  3  Ibs.  and  L  =  40  Ibs., 
and  drawing  lines  from  the  apex  parallel  to  the  arms  of  the  governor  ; 
then  the  horizontal  line  completing  the  figure  for  any  required 
angularity  of  arm  gives  the  value  of  F  when  measured  with  the  same 
scale  as  the  line  of  weights. 

Stability  of  the  Governor. — A  governor  is  said  to  be  stable  or  static 
when  it  maintains  a  definite  position  of  equilibrium  at  a  given  speed  ; 
it  is  said  to  be  unstable  or  astatic  when  at  a  given  speed  it  assumes 
indifferently  any  position  throughout  its  range  of  movement.  The 
condition  of  stability  is  that  F  must  increase  more  rapidly  than  r 
when  the  ball  moves  outwards. 

If  F  increases  or  decreases  proportionally  as  r  increases  or  decreases, 
then  the  speed  n  is  constant  for  all  positions  of  the  ball. 

In  the  diagram  (Fig.  228)  the  governor  ball  is  shown  in  three 
different  positions,  with  radii  de,  fb,  and  gk  respectively.  If  ab  be 
the  common  scale  of  W,  the  weight  of  the  ball,  then  the  triangles 
acb,  afb,  and  aib  are  respectively  the  triangles  of  forces,  and  cb,  fb, 
and  ib  respectively  are  the  centrifugal  forces  for  the  positions  rf,  /, 
and  g  of  the  balls. 
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In  Fig.  229,  if  the  governor  arm  were  made  to  slide  in  the  cap  at 
a,  then  the  centrifugal  force  F  would  vary  as  the  radius  r,  and  the 


FIG.  228. 


FIG.  229. 


lengths  de,  ce,  and  be  respectively  represent  both  the  radius  r  and  the 
centrifugal  force  F. 

To    compare    these  two  cases,  Figs.  228  and  229,  by  plotting  the 
results  and  superposing   them,  let  Fig.  230   be    constructed,  making 
the  ordinates  =  F  and  the  abscissae  =  r. 
We  shall  then  have  for    Fig.    229    the 
line  joining  the  intersections  of  F  and  r 
a   straight   line,  namely,    OS.     But  for 
Fig.  228  we  notice  that   the  values   of  F3 
F  and  r  when  plotted  do  not   coincide 
with   the  straight  line.      Thus,  for  the  r2 
position  /  of  the  ball  (Fig.  228),  fb  = 
F  =  r  ;  but  for  position  d  of    the  ball, 
de,  the  radius,  is  less  than  cb,  the  centri-  f 
fugal    force;    also    gk,     the    radius,    is  i 
greater  than  ib,  the  centrifugal  force. 

Let  ors  (Fig.  230)  =  radius   de  (Fig. 
228),  and  let   r.Ac    (Fig.   230)    =   centri- 
fugal force  cb  (Fig.  228),  and  so  on  for  the  other  points.     Then  the 
line  joining  the  respective  intersections  will  be  a  curve  of  the  form  cfg. 

The  relation  which  the  curve  cfg  bears  to  the  straight  line  oS, 
drawn  from  the  origin  o  is  important.  Thus,  since  the  values  of 
F  for  the  curve  cfg  increase  more  rapidly  than  the  values  of  r,  the 
curve  is  steeper  than  the  straight  line  oS,  in  which  F  varies  as  r. 

The  angle  made  by  a  tangent  to  the  curve  cfg  at  /,  with  a  line  (of) 
joining  the  point  of  contact  /  to  the  origin  o,  is  a  measure  of  the 
stability  of  the  governor. 

If  the  curve   cfg   coincide   with   the   line   oS,  then   the   governor 
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would  be  in  neutral  equilibrium.  If  the  curve  crossed  the  line  oS 
in  the  other  direction — that  is,  if  the  tangent  to  the  curve  made  a 
less  angle  with  the  horizontal  than  the  line  joined  to  the  origin  0, 
then  the  governor  would  be  in  unstable  equilibrium. 

Power  of  a  Governor. — The  power  of  a  governor  is  measured  by 
the  work  done  by  the  governor  in  lifting  through  its  full  range  of 
movement,  and  it  is  equal  to  the  mean  centrifugal  force  exerted 
multiplied  by  the  range  r2  —  r^  in  feet  through  which  the  force  acts  in 
moving  the  governor  through  its  full  range. 

The  power  of  a  governor,  and  the  effect  upon  the  power  of 
additional  loading,  can  be  well  seen  by  plotting  a  curve  with  F  for 
ordinates  and  r  for  abscissae. 

Such  a  curve  can  be  plotted  for  an  actual  governor,  or  it  may  be 
constructed  from  data  obtained  from  an  outline  sketch. 

Let  rlt  r.2,  r3,  etc.  (Fig.  231)  be  the  path  of  the  ball  of  a  Porter 
governor.  Let  W  =  weight  of  one  ball  and  L  =  central  load.  First 

suppose  the  governor  un- 
loaded ;  that  is,  L  =  0,  and 
draw  a  curve  ab  (Fig.  232), 
by  plotting  the  respective 
values  of  F  and  r. 

The  value  of   F  in  pounds 

=  2W7-   which   includes   the 


FIG.  231. 

effect    of   the   two   balls ;   and   r   is  drawn  to  a  convenient  scale  of 
decimal  parts  of  a  foot. 

Next  draw  a  curve  cd,  which  is  obtained   by  including  the  effect 

of  the  central  load.     Here  F  =  2(W  +  L)  £. 

It  is  usual  to  estimate  the  centrifugal  force  F  of  one  ball  only  when 
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considering  questions  of  speed  and  rotation,  lift  of  sleeve,  and  so  on ; 
but  double  the  value  of  F  must  be  taken  for  the  effect  of  the  two  balls 
when  considering  the  power  of  the  governor. 

The  area  r-^abr^  shows  the  work  done  by  an  unloaded  governor  in 
moving  through  its  full  range. 

The  area  r1cdr4  represents  the  work  done  by  a  loaded  governor  in 
moving  through  the  same  range. 

The  increase  of  power  by  increase  of  central  load  is  thus  very  clearly 
seen. 

Friction  of  a  Governor. — Hitherto  the  effect  of  friction  on  the 
governor  has  been  neglected,  and  its  movements  have  been  considered 
to  be  perfectly  free  from  any  disturbing  effects.  But  in  practice,  if 
F  =  the  centrifugal  force  which  would  cause 
the  governor  to  rise  if  there  were  no  friction, 
a  further  force  /  is  necessary  before  any  rise 
of  the  governor  actually  occurs  in  order  to 
overcome  the  friction  of  the  moving  parts, 
and  therefore  a  certain  range  of  speed  takes 
place  due  to  the  respective  centrifugal  forces 
F  and  F  -f-  /,  but  without  any  corresponding 
rise  of  the  governor. 

Similarly,  in  the  downward  direction,  the 
speed  of  the  governor  may  change  accom- 
panied by  a  corresponding  change  of  force 
from  F  to  F  —  /,  but  without  any  change  of 
position  of  the  governor  owing  to  the  resist- 
ance due  to  friction. 

The  amount   of  the  friction,   or,   in  other 
words,  of  the  upward  pull,  due  to  a  change 
of  speed  of  the  governor,  but  without  a  corresponding  rise  of  the  sleeve, 
may  be  determined  either  graphically  or  numerically  as  follows. 

In  Fig.  233,  if  the  angle  aob  is  the  configuration  of  the  governor 
arm,  ab  =  F,  cd  =  F  +  /,  cK  —  /.  The  problem  is  to  find  w,  which  is 
the  resistance  due  to  friction  when  the  speed  rises  from  N,  namely,  that 
due  to  F,  to  Nj,  namely,  that  due  to  F  +/. 


FIG.  233. 


Then  ab 
and  F 

N2 


ceZ::F:F+/ 
F  +/::  N2:^2 

Nx2  :  :  W  :  W  -f  w 


-  N2  _  (W  -f  w)  -  W 


.Mf«W(   -1 


=  2W 


N2 


™ 


W 

for  one  ball 


for  two 


EXAMPLE. — Find  the  pull  on  the  governor  sleeve  when  the  governor 
ball  weighs  5  Ibs.,  and  the  speed  changes  from  100  to  120  revolutions 
without  any  lift  of  the  sleeve. 
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=  2x5 


1202~  1002\ 
1002        / 


=  4-4  Ibs. 


The  effect  of  friction  in  increasing  the  total  range  of  speed  of  the 
governor  may  be  well  shown  by  the  diagram  first  proposed  by  Mr. 
Hartnell. 

In  the  Fig.  (234)  for  any  governor,  neglecting  friction,  the  curve  ab 
is  drawn  so  that  any  vertical  ordinate  =  F  at  radius  r. 


350 


300 


265 


FIG  234. 

Take  any  point  c  on  this  curve ;  then  the  centrifugal  force  r^c  =  F, 
and  the  radius  or2  being  known,  the  speed  at  c  can  be  found  from — 

-pi  _      •>  o  W 

g 

But  when  F  varies  as  r,  n  is  constant ;  and  oc  is  a  line  of  constant 
speed  of  rotation.  Also  the  lines  drawn  from  o  to  a  and  from  o  to  b 
are  lines  of  constant  speed  of  rotation,  and  they  represent  the  range 
of  speed  of  the  governor  in  moving  through  its  extreme  positions 
or±  id  or3,  when  friction  is  neglected.  If  now  friction  lines  be  added, 
gf  being  drawn  =  F  +  /  for  each  position  r,^,  etc.,  when  the  balls  are 
moved  outwards,  and  de  is  drawn  =  F  —  /  when  the  balls  are  moved 
inwards,  the  total  range  of  speed  of  the  governor  is  now  given  by  the 
lines  od  and  of,  which,  it  will  be  seen,  is  much  greater  than  before. 

If  oR  be  taken  =  1  ft.  to  scale,  then  a  scale  of  speeds  may  be  drawn 
on  the  vertical  line  RS  by  calculating  the  value  of  F  for  certain 
speeds  as  100,  120,  140,  etc.,  and  setting  up  the  values  of  F  found  on 
the  line  RS,  and  joining  to  the  point  O.  These  points  are  then 
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marked  with  the  number  corresponding  to  the  revolutions  used  in 
calculating  F. 

Isochronism. — When  a  governor  is  so  designed  that  the  height  Ji  of 
the  cone  of  revolution  of  the  balls  is  constant  for  all  positions  of  the 
balls  (see  Fig.  229),  then  the  speed  n  is  constant  throughout  the  full 
range  of  movement  of  the  governor,  neglecting  friction.  The  governor 
is  then  said  to  be  isochronous,  that  is,  it  runs  at  an  equal  speed  in  all 
positions. 

In  such  a  case  F  varies  directly  as  r,  for — 

F  =  47r2nV— 

and  all  the  factors  but  F  and  r  are  constant. 

Referring  to  Figs.  230  or  234,  it  will  be  seen  that  the  curve  of  such 
a  governor  is  a  straight  line  radiating  from  the  origin  o,  and  it  will 
be  evident  that  such  a  governor  will  be  in  neutral  equilibrium  ;  also 
that  it  does  not  obey  the  condition  of  stability,  namely,  that  F  must 
increase  more  quickly  than  r  as  the  governor  rises. 

Such  a  governor  would  be  too  sensitive,  for  the  engine  driving  the 
governor  would  first  increase  in  speed  until  it  reached  the  speed  due 
to  the  governor,  after  which  the  slightest  increase  would  cause  the 
balls  to  fly  to  the  extreme  position  and  the  governor  to  cut  off  steam. 
The  engine  would  then  slow  down,  when  the  balls  would  suddenly 
fall  to  the  other  extreme  position,  and  the  steam-supply  be  opened 
wide.  This  effect  of  continual  fluctuation  above  and  below  the  mean 
speed  is  called  "  hunting/'  In  practice  it  is  somewhat  reduced  by 
the  friction  always  present  in  a  governor  gear,  and  it  may  be  further- 
reduced  by  the  addition  of  a  dash-pot  or  by  means  of  a  spring,  which 
is  arranged  to  cause  F  to  increase  somewhat  more  quickly  than  r. 

If  the  governor  balls  move  ana 

in  a  parabolic  path,  then 
they  fulfil  the  condition  of 
isochronism,  namely,  that  h 
is  constant. 

Thus,   it  is    a  property  of 
the  parabola  (Fig.  235)  that 


FIG.  235.  FIG.  236. 

the  subnormal  ab  =  Ji  is  constant  for  all  positions  of  the  weight  W  on 
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the  parabolic  curve  XY,  so  that  if  W  move  in  a  parabolic  path,  the 
height  h  will  be  constant. 

An  approximate  equivalent  to  this  is  obtained  by  the  use  of  the 
crossed-arm  governor ;  and  by  suitably  choosing  the  points  of  sus- 
pension a,  a  of  the  arms,  as  in  Head's  governor,  Fig.  236. 

If  the  points  are  chosen  so  that  h  is  approximately  constant,  then 
the  governor  is  in  neutral  equilibrium.  If,  however,  the  points  a,  a 
are  taken  nearer  the  axis  than  in  the  previous  case,  then  the  equi- 
librium is  stable ;  but  if  further  away  from  the  axis  than  in  the  first 
case,  instead  of  nearer  to  it,  then  the  equilibrium  becomes  unstable — 
that  is,  the  height  h  of  the  cone  of  revolution  becomes  greater,  and 
not  less,  as  the  speed  increases. 

Spring  governors  can  be  made  isochronous,  if  desired,  by  so  adjust- 
ing the  spring  that  the  initial  compression  in  the  spring  bears  the 
same  ratio  to  the  total  compression  that  the  minimum  radius  of  the 

balls  bears  to  the  maximum 
radius.  The  spring  is  usu- 
ally made  a  little  stronger 
than  this  to  give  stability 
to  the  governor.  This  point 
is  referred  to  later. 

Fig.  237  is  a  drawing  of 
a  Hartnell  automatic  vari- 
able expansion  governor  for 
regulating  the  travel  of  an 
expansion  valve  working 
on  the  back  of  a  main 
slide  valve,  the  travel  being 
regulated  by  the  movement 
of  the  lever  A  in  the  slotted 
link  B.  As  the  speed  in- 
creases the  governor  raises 
the  position  of  the  lever  A, 
and  the  travel  of  the  valve 
is  thereby  reduced.  This 
governor  is  capable  of  very 
close  regulation,  and  when 
the  speed  exceeds  a  given 
number  of  revolutions,  the 
steam  supply  may  be  en- 
tirely cut  off. 

The    Proell    Governor.— 
Fig.  238  consists  of  two  in- 
verted ball -arms  which   are 
FIG.  237.  suspended     by     the    curved 

bell   crank   levers  LL  from 

the  pins  CO.     The  centrifugal  force  of  the  balls  is  counteracted  by  a 
powerful  spring  S,  which  takes  the  place  of  a  weight. 

On  the  engine   reaching  a  certain   speed,  which   is   determined  by 
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the  initial  compression  in  the  spring,  the  balls   move  outwards,  and 
the   sleeve    rises    from   its    bottom   position,   as    shown  in  the  figure, 
towards      the      highest 
position,  shown  dotted. 

The    points    AA,    at 
which      the      ball-arms 
are  pivoted,  are  chosen 
outside  the  centre  lines 
of    the    arms,     and    in 
such    a    position    that     / 
the  centres  of  the  balls  ( _ 
as     they     open     move   V 
very  nearly    in  a  hori-     ^ 
zontal  plane.     This  go- 
vernor    may    thus    be 
made     as     nearly     iso- 
chronous as  desired  by 
making  the  centrifugal 
force   of   the    balls    in- 
crease   or    decrease   in 
the    same  ratio   as  the 
compression       of      the 
spring. 

The  figure  also  shows 
the  mode  of  application 
of  an  auxiliary  spring 
E  to  vary  the  speed  of 
the  engine  while  run- 
ning. The  spring  rests 
in  a  sleeve,  F,  which  is 
pivoted  in  a  bracket 
at  K.  The  point  P  at 
the  upper  end  of  the 
auxiliary  spring  is 

made  to  move  as  required  along  the  groove  shown  in  the  lever  QR 
by  means  of  the  screw  W  ;  the  effect  of  the  movement  of  P  in  the 
groove  in  the  direction  towards  the  centre  of  the  governor  is  to 
further  compress  the  spring  E,  as  well  as  to  increase  the  leverage  of 
the  spring  about  the  centre  R,  and  thus  to  assist  the  outward  move- 
ment of  the  balls  and  reduce  the  speed  at  which  the  governor  begins 
to  act. 

Fig.  239  is  a  sectional  drawing  of  the  well-known  "  Pickering  " 
governor,  fitted  also  with  a  stop-valve  A  in  the  same  casting  as  the 
valve  of  the  governor.  In  the  Pickering  governor,  the  ordinary  arms 
are  replaced  by  flexible  sheet-steel  strips,  to  which  the  balls  are 
attached,  and  which  bend  outwards  by  the  outward  tendency  of  the 
balls  as  the  speed  increases.  This  bending  of  the  strips  causes 
the  upper  cap  on  the  top  of  the  spindle  to  press  the  spindle  down- 
wards, and  to  tend  to  close  the  steam-passages  by  the  equilibrium 


FIG.  238. 


218 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


valve    V  at    the   bottom    of   the    spindle.     The    speed    at  which   the 
governor  may  be  made  to  act  is  regulated  by  a  spring  S,  which  is 


FIG.  239. 

equivalent  to  regulating  the  load  on  the  spindle,  the  spring  actuating 
a  forked  lever  resisting  the  downward  movement  of  the  valve  spindle.  - 
The  Shaft  Governor. — To   secure   regulation  of  the  speed  by  auto- 
matic  cut-off  in  quick  revolution  engines,  and  to  -obtain  a  governor 

sufficiently  powerful  for  the 
purpose,  it  is  usual  to  use 
what  is  known  as  the  shaft 
governor.  The  construction 
of  this  type  of  governor  will 
be  understood  from  the  dia- 
grams which  follow.  The 
mechanism  of  the  governor 
is  usually  arranged  to  work 
FIG.  240.  in  a  pulley  keyed  to  the 

engine     crank-shaft,     and     it 

thus  rotates  at  the  same  speed  as  the  shaft.  The  movement  of  the 
parts  of  the  governor  depends,  as  usual,  upon  the  change  of  centri- 
fugal force  of  rotating  weights  on  change  of  speed  of  the  engine. 
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There  are  many  different  designs  for  transferring  the  movement  of 
the  balls  to  the  valve  gear  for  the  purpose  of  regulating  the  cut-off; 
but  a  simple  form  consists  of  an  arrangement  as  shown  in  Fig. 
240,  where  A  is  the  eccentric  from  which  the  slide-valve  of  the 
engine  is  worked.  The  governing  of  the  engine  is  done  by  varying 
the  position  of  the  eccentric  centre  relatively  to  the  centre  of  the 
shaft,  and  thus  varying  the  travel  of  the  slide-valve. 

The  eccentric  is  slotted  as  shown,  so  as  to  permit  of  a  radial 
movement  of  the  eccentric  arm  about  some  convenient  centre  C,  the 


FIG.  241. 

effect  of  which  is  to  give  the  required  change  of  position  of  the 
centre  of  the  eccentric  disc  relatively  to  that  of  the  crank-shaft. 

In  Fig.  241,  which  is  an  outline  sketch  of  a  shaft  governor,  the 
rotating  wheel  D  is  keyed  to  the  engine  shaft,  and  the  weights  E,  E 
are  pivoted  to  the  wheel  at  F,  F.  The  weight  levers  are  connected  to 
the  eccentric  arm  at  G,  and  when  the  speed  increases,  the  weights 
move  outwards  about  the  centres  F,  F  by  centrifugal  force,  and  cause 
the  eccentric  disc  to  move  across  the  shaft  by  means  of  the  levers  as 
shown.  The  springs  resist  the  outward  movement  of  the  balls,  and  by 
means  of  the  springs  the  speed  at  which  the  governor  acts  is  regulated. 

The  effect  of  the  movement  of  the  eccentric  disc  across,  the  shaft  is 
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similar  to  that  which  happens  in  an  ordinary  Stephenson  link  motion, 
when  the  link  is  moved  from  the  end  to  the  middle  position,  and 
which  has  already  been  described  in  connection  with  the  link  motion. 
But  the  subject  may  here  be  considered  a  little  further. 

In  an  automatic  cut-off  gear  arranged  to  vary  the  travel  of  the 
valve  by  an  adjustable  eccentric,  when  the  path  of  the  eccentric 
centre  is  a  straight  line  at  right  angles  to  the  crank,  as  in  Fig.  242, 
the  lead  ed  is  constant  for  all  positions  a,  b,  c,  or  d  of  the  eccentric, 
where  circle  of  radius  oa  is  the  maximum  travel  circle,  and  oe  is  the 
radius  of  the  lap  circle. 

When  the  path  of  the  eccentric  centre  is  on  an  arc  ad,  concave 
towards  the  crank-shaft  centre,  as  in  Fig.  243,  then  the  lead  increases 


FIG.  242. 


FIG.  243. 


CRANK 


as  the  eccentric  moves  nearer  to  d  in  the  arc  ad ;  that  is,  the  lead  is 
greatest  at  the  minimum  loads. 

When  the  arc  ad  is  convex  towards  the  crank-shaft  centre,  as  in 
Fig.  244,  then  the  lead  ef  is  a  maximum  at  full  load,  and  decreases 
to  ed,  a  minimum,  at  the  light  loads.  In  this  case  the  lead  may  be 

reduced  to  zero,  or  a  minus  quantity  at 
mid-position.  The  arc  of  movement  of 
the  eccentric  centre  depends  upon  the 
point  of  suspension  of  the  eccentric 
arm  of  the  governor. 

Generally  speaking,  the  condition  of 
constant  lead,  as  in  Fig.  242,  would  be 
preferred,  but  each  type  has  its  own 
special  advantages. 

Fig.  243  represents  the  conditions 
which  obtain  in  most  ordinary  link- 
motion  engines,  where  the  lead  is 

greatest  at  light  loads,  the  increasing  lead  securing  a  sufficient  port 
opening  to  maintain  the  initial  steam-pressure  as  high  as  possible  to 
obtain  the  full  benefit  of  expansion,  the  power  being  kept  down  by 
a  large  compression. 

Fig.  244  is  exceptional,  but  is  preferred  by  some  engineers.  In 
this  case  a  reduced  port  opening  at  light  loads  reduces  the  initial 
steam  pressure  by  partial  throttling,  and  a  large  expansion  is  sacri- 
ficed to  reduced  range  of  stress  on  the  piston. 


FIG.  244. 
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If  the  point  of  suspension  of  the  eccentric  arm,  instead  of  being  on 
the  centre  line  XY,  is  chosen  in  some  position,  A,  as  shown  in  Fig. 
245,  we  then  have  a  compromise  between  the  conditions  already 
described,  and  the  same  lead  may  be  obtained  at  both  maximum  and 
minimum  loads,  with  a  somewhat  larger  lead  in  mid-position. 

The  various  points  of  port  opening,  cut-off,  release,  and  compression 
for  any  position  of  the  eccentric  centre  on  the  arc  ad  may  be  found,  as 
already  shown  in  Figs.  85,  88,  and  90. 


FIG.  245. 


Z         3 

EXTENSIONS 
FIG.  246. 


Springs. — The  law  of  the  helical  spring  is  that  equal  increments  of 
load  give  equal  increments  of  extension  or  compression,  within  certain 
limits. 

This  may  be  represented  by  a  diagram  (Fig.  246)  where  the  base- 
line is  the  line  of  extension  and  the  vertical  lines  the  loads  producing 
the  extensions.  Then  it  will  be  found  by  experiment  that  the  line 
joining  the  upper  extremities  of  the  load-lines  is  a  straight  line,  the 
extensions  being  in  units  of  length,  and  the  loads  in  pounds. 

The  load  required  to  extend  the  spring  per  unit  of  length — say 
1  inch— is  a  measure  of  the  strength  of  the  spring.  Thus  la  is  the 
strength  of  the  spring,  being  the  load  required  to  extend  the  spring 
1  in. 

The  load  required  to  extend  the  spring  2  in.  is  twice  that  required 
to  extend  it  1  in.,  and  so  on.  Similarly,  we  have  seen  that  at  con- 
stant speed  of  rotation 
centrifugal  force  varies 
directly  as  the  radius, 
and  a  similar  figure  to 
Fig.  246  may  be  used  to 
represent  the  uniformly 
increasing  centrifugal 
force  as  the  radius  of 
rotation  increases,  the 
revolutions  remaining 

constant  (Fig.  247).     If,  Fm  247.  FIG.  248. 

therefore,  the  revolving 

weights  of  a  governor  are  held  by  springs  so  designed  that  the  tension 
of  the  spring  is  equal  to  the  centrifugal  force  at  all  positions  of  the 
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balls,  then  Figs.  246  and  247  may  be  combined  (Fig.  248),  and  in  such 
a  case  the  governor  is  isochronous. 

EXAMPLE. — A  ball  weighing  20  Ibs.  revolves  at  250  revolutions  per 
minute.  Find  the  strength  of  spring  required  to  make  the  governor 
isochronous,  supposing  the  spring  to  be  attached  directly  to  the  ball. 

Since,  by  supposition,  the  tension  in  the  spring  varies  with  the 
centrifugal  force,  then,  when  the  ball  is  at  zero  radius,  the  tension  in 
the  spring  is  also  zero ;  and  if  S  =  the  strength  of  the  spring,  that  is, 
the  pull  required  to  stretch  it  unit  length,  then — 

Sr  =  0-00034  -4-  12  X  W  x  r  x  N2 
where  r  =  radius  of  ball  or  stretch  of  spring  in  inches ; 

S  =  0-0000284  x  W  X  N2 
=  0-0000284  x  20  x  2502 
=  35-5  Ibs. 

that  is,  the  strength  of  the  spring  =  35*5  Ibs.  per  inch  of  extension. 

Let  the  mean  radius  of  the  rotating  weight  be  12  in.  with  a  range 
2'5  in.  on  each  side  of  the  mean  radius.  Then  (Fig.  249)  ob  is  the 
mean  radius;  and  the  pull  in  the  spring  at  this  radius  =  35'5  x  12 
=  426.  Set  up  be  —  426  Ibs.  Then  for  all  other  positions  of 
the  rotating  weight,  since  the  value  of  N  is  assumed  constant,  the 
centrifugal  force  and  the  pull  in  the  spring  at  any  radius  will  be 
given,  by  joining  the  line  oe  through  the  origin  o,  and  measuring 
the  vertical  height  as  at  ad,  ef  to  the  same  scale  as  be.  The  line 
ad  =  9-5  x  35-5  =  337-25,  and  the  line  cf  =  14-5  X  35-5  =  514-75. 

So  far  we  have  considered  the  strength  of  the  spring  for  an  isochronous 
governor,  or  one  running  at  constant  speed  for  all  positions  of  the 
balls ;  but,  as  before  explained,  such  governors  are  not  desirable, 
being  inactive  below  the  speed  required,  and  flying  outwards  through 
their  whole  range  of  movement  when  this  speed  is  slightly  exceeded. 
The  friction,  however,  which  is  always  present  more  or  less  in  all 
governors  prevents  absolute  isochronism  in  any  governor. 

In  practice,  a  spring 
A  is  chosen  whose  strength 
n  increases  at  a  rate  some- 
'    what   greater  than  the 
rate  of  increase  of  the 
radius.     Thus,     suppose 
in   the    same    governor 
the     strength     of     the 
spring  to  be  45  Ibs.,  to 
find    the    effect   of    the 
change    of    spring  upon 
the  speed  for  the  same 
range    of    radius.     The 
speed  at  the  mean  po- 
FlG-249'  sition     ob    (Fig.     249), 

namely,    12  inches  radius,  being  the  same  as  before,  the  centrifugal 
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force  in  this  position  and  the  tension  of  the  spring  are  in  equilibrium, 
and  are  equal  to  35'5  x  12  =  426  Ibs.  =  be.  At  the  minimum  radius 
oa,  the  tension  in  the  spring  is  now  426  —  (45  x  2*5)  =  313-5  Ibs.  = 
ag,  and  at  the  maximum  radius  oc  =  426  +  (45  x  2-5)  =  538-5  Ibs. 
=  ch;  this  represents  a  range  of  speed  as  follows:  (1)  For  the 
minimum  radius  oa  =  9-5  in. — 

F 

W  =  -  — 

0-00034  X  W  X  -^ 
313-5 


0-0000284  x  20  x  9-5 
N  =  241  revolutions  per  minute 

(2)  For  the  maximum  radius  oc  =  14-5  in.  — 

•j^r-2  _  OOo'O 

~  0-0000284  "x~2(rx~14:5~ 
N  =  260 

The  variation  in  speed  neglecting  the  effect  of  friction 
range  of  speed  v  1  nn       260  -  241 

~~  '  X  10°  =  7'6 


Also  geh  is  the  line  of  force  with  the  stronger  spring,  and  it  makes 
with  oe  an  angle  oeg,  which  is  a  measure  of  the  stability  of  tho 
governor. 

If  the  spring  is  attached  to  the  weight  arm  at  some  point  c  (Fig. 
250),  between  the  centre  a  and  the  centre 
of  gravity  of  the  weight  b,  then  the  strength 
of  the    spring  must  be  greater  than  if  at- 

tached directly  to  the  ball  in  the  ratio  —  . 

ac 

We  have  so  far  considered  only  the 
centrifugal  force  acting  in  the  governor, 
but  during  a  change  of  speed  of  the  engine 
there  are  other  forces  beside  centrifugal  FIG.  250. 

force    acting   on    the   governor,   and    which 

will  be  found  to  either  oppose  or  assist  the  action  of  the  centrifugal 
force.     These  forces  will  now  be  briefly  considered. 

1.  Tangential  Acceleration.  —  Let  Fig.  251  represent  a  governor  disc 
secured  to  the  engine  shaft  and  rotating  about  the  centre  A,  and  let 
the  ball  B  be  connected  by  the  arm  BC  to  the  pivot  C  on  the  disc. 
Then  an  increase  in  the  speed  of  rotation  of  the  disc  will  cause  the 
ball  B  to  move  outwards  from  the  centre  A  by  centrifugal  force. 
But  if  the  centre  C  of  the  ball  arm  be  pivoted  at  the  centre  of  the 
shaft,  as  in  Fig.  252,  then,  when  the  disc  is  rotated,  the  centrifugal 
force  acts  radially  along  the  arm  connecting  the  ball  to  the  centre  of 
the  shaft,  but  the  centrifugal  moment  is  zero,  since  the  pivot  of  the 
arm  coincides  with  the  centre  of  the  shaft,  and  the  force  has  no  effect 
for  the  purpose  of  regulation  of  speed. 
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If,  however,  the  speed  of  rotation  of  the  disc  increases,  then  the 
tendency  is  for  the  ball  (Fig.  252)  to  maintain  its  original  speed  and 

to  lag  behind  relatively 
to  the  disc,  which  is 
equivalent  to  a  move- 
ment in  the  direction 
of  the  arrow  D,  or  in 
the  direction  opposite 
to  D  if  the  speed  of 
rotation  of  the  disc  de- 
creases. This  move- 
ment of  the  ball  rela- 
tively to  the  disc  and 
in  a  direction  tangen- 
tial to  the  path  of  the  centre  of  gravity  of  the  ball,  is  the  result  of 
the  inertia  of  the  ball  producing  tangential  acceleration, 

In  the  case  of  Fig.  251,  the  moment  about  C  of  the  force  pro- 
ducing tangential  acceleration  is  zero  whatever  the  change  of  speed, 
because  the  line  of  action  of  the  force  passes  through  the  pivot. 

In  Fig.  252  this  moment  is  a  maximum.  In  intermediate  positions 
the  moment  of  the  force  producing  tangential  acceleration  is  equal  to 
the  force  multiplied  by  the  perpendicular  distance  CD,  between  the 
pivot  0,  and  the  tangent  to  the  circle  drawn  from  the  centre  of 
rotation,  and  passing  through  the  centre  of  gravity  of  the  weight. 
This  force  may  be  made  to  assist  or  to  oppose  the  centrifugal  force 


FIG.  251. 


FIG.  252. 


• 


FIG.  253. 


FIG.  254. 


FIG.  255. 


according  to  the  position  of  the  pivot  of  the  ball  arm  in  relation  to 
the  centre  of  gravity  of  the  weight.  Thus,  if  in  Figs.  254,  255  the 
disc  is  rotating  clockwise  as  shown,  then  in  Fig.  254  the  moment  of 
the  tangential  force  acting  during  increase  of  velocity  of  the  disc 
=  P  X  CD,  and  it  acts  so  as  to  supplement  the  centrifugal  force,  and 
thus  to  make  the  governor  more  prompt  and  rapid  in  its  movement ; 
in  Fig.  255,  with  the  position  as  shown,  the  tangential  force  acts  to 
oppose  the  centrifugal  force,  and  thus  to  make  the  governor  more 
sluggish. 

2.   Angular  Acceleration. — Another  form  of  accelerating  force  which 
is  capable  of  useful  application  in  the  shaft  governor  will  be  understood 


GOVERNORS* 


225 


from  the  illustration  (Fig.  256).     At  the  end  of  the  arm  AB,  which 

is    supposed    to    be    rigidly   attached    to   the 

shaft  at  centre  A,  let  the  weight  at  the  end  B 

be   distributed    in   the   form   of    a   bar,    CD, 

instead   of    being   concentrated    in   the    form 

of  a  ball  at  the  centre  of  gravity  B ;    and  let 

the  bar  CD  be  free  to  move  about  the  centre  B. 

Then,    if   the   shaft   to    which   AB   is    rigidly 

attached  is  rotated  about  the  centre  A  at  a 

high  velocity  and  then  suddenly  stopped,  the 

kinetic  energy  in  the  balls  C  and  D  will  cause 

the  arm  CD  to  spin  round  the  centre  B. 

Similarly,  if  during  the  rotation  of  the  shaft 
the   rate   of   rotation   should   suddenly   increase,    even   slightly,   then 


FJG.  25G. 


FIG.  257. 


during  the  change  of  speed  the  arm  tends  to  lag  behind  momentarily 
until  the  speed  has  again  become  uniform ;  or,  vice  versa,  if  the 
speed  of  the  shaft  decreases,  the  arm  tends  to  maintain  the  same 
rate  of  rotation,  and  thus  to  move  about  its  centre  B  with  a  greater 
angular  velocity  than  the  shaft  A.  This  property  of  the  bar 
when  centred  at  B  has  been  termed  angular  inertia,  and  it  has 
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recently  been  successfully  applied  as  a  supplement  to  centrifugal 
force  for  the  purpose  of  increasing  the  sensitiveness  of  the  shaft 
governor. 

Fig.  257  illustrates  a  very  successful  governor  made  on  this  principle, 
and  known  as  "Begtrup's  shaft  governor,"  made  by  Messrs.  Browett 
and  Lindley,  of  Patricroft. 


CHAPTER  XV. 

TURNING   EFFORT  IN   THE    CRANK-SHAFT. 

As  has  been  already  pointed  out,  it  is  important,  for  steadiness  of 
running,  that  the  turning  effort  in  the  crank-shaft  should  be  as 
uniform  as  possible.  But  in  practice,  the  conditions  are  such  that 
the  turning  effort  varies  more  or  less  considerably  during  each  half- 
revolution  of  the  crank.  The  nature  and  extent  of  the  variation, 
and  the  means  adopted  for  reducing  it  to  a  minimum,  will  now  be 
described. 

The  causes  producing  variable  turning  effort  are — 

1.  The  variable  pressure  of  the  steam  acting  on  the  piston. 

2.  The  mechanical  combination  of  crank  and  connecting-rod  which, 
even  with  a  uniform  steam-pressure  on  the  piston,  results  in  a  variable 
turning  effort  on  the  crank-pin,  the  variation  ranging  from  zero  to  a 
maximum  twice  every  revolution  of  the  crank. 

3.  The  inertia  of  the  reciprocating  parts  of  the  engine,   including 
the    piston,  piston-rod,   cross-head,  and  connecting-rod,  which  absorb 
power  in   acquiring  velocity  during  the  early  portion  of    the    stroke, 
and   restore  it   while  being  retarded   during  the  later  portion  of  the 
stroke. 

The  means  employed  to  reduce  the  variable  turning  effort  in  the 
crank-shaft,  or  to  modify  its  effects,  are — 

1.  The  combination  of  engines  working  on  separate  cranks  in  the 
same  shaft,   the  cranks  being  so  disposed  that  the  mutual  variations 
in  the  separate  cranks  correct  each  other  when  in  combination.     The 
number  of  cranks  employed  in  practice  may  be  one,  two,  three,  four, 
five,  or  more,  and  the  more  numerous  the  cranks  the  more  uniform  the 
twisting  moment  at  all  points  in  the  revolution  of  the  shaft. 

2.  The  adjustment  of  the  points  of  cut-off  and  compression  to  the 
speed  of  the  engine. 

3.  The  use  of  the  flywheel. 

It  will  be  necessary,  before  proceeding  further  with  the  subject,  to 
consider  the  relation  between  the  respective  velocities  of  the  piston 
and  crank-pin. 

Piston  and  Crank-pin  Velocities. — Neglecting  the  obliquity  of 
the  connecting-rod.  Take  any  point  P  (Fig.  258)  to  represent  the 
position  of  the  crank-pin  when  crank  of  radius  OP  moves  about  the 
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FIG.  258. 


centre  O.     Assume  that  the  crank-pin  P  moves  in  its  circular  path  at 
a  uniform  velocity  V  in  feet  per  second.     Set  off  PV  at  right  angles 

to  OP,  or  tangential  to  the  circle  at  point 
P,  making  PV  equal  in  length  to  the 
velocity  V  of  the  pin  to  any  scale  of  feet 
per  second. 

This  velocity  V,  in  a  direction  tangential 
to  the  circle,  may  be  resolved  into  com- 
ponent velocities,  Pa  horizontally,  and  P& 
vertically. 

Draw  the  perpendicular  PN  to  meet  the 
horizontal  diameter.  Then  angle  &PV  = 
angle  PON  =  0  ;  and  Pa  =  Y  sin  0;  and 
P6  =  V  cos  0. 

But  when  OP  is  drawn  to  scale  to  re- 
present in  units  the  velocity  of  the  crank- 
pin  (which  is  assumed  uniform),  then  the  perpendicular  PN  =  V 
sin  0,  and  ON  intercepted  between  the  perpendicular  and  the  centre 
O  =  V  cos  0 ;  and  thus  for  any  position  P  of  the  crank -pin,  PN  = 
P«  =  V  sin  0  =  the  horizontal  component  of  the  crank -pin  velocity  = 
the  velocity  of  the  piston. 

Relative  Velocities,  including  Obliquity  of  Connecting-rod. — In 
Fig.  259,  let  O  be  the  centre  of  the  crank-pin  circle,  with  radius  of  crank 
OP,  and  PN  the  length  of  the  connecting-rod.  The  point  N  is  the 
position  of  the  cross-head  pin,  and  relatively  also  of  the  piston.  To 

find  the  relative  velocities  of 
crank-pin  and  piston  with  a  short 
connecting-rod,  PN,  find  the  vir- 
tual centre  or  instantaneous  axis 
about  which  the  connecting-rod 
PN  is  moving  for  the  given  posi- 
tion OP  of  the  crank,  by  drawing 
lines  PA  and  NA  normal  to  the 
direction  of  motion  of  P  and  N  at 
the  moment  considered.  Then  the 
point  A  is  the  virtual  centre  re- 
quired, and  the  relative  velocities 
of  P  and  N  are  proportional  to 
the  virtual  radii  AP  and  AN  respectively. 

The  same  result  may  be  obtained  by  producing  the  connecting-rod 
NP  to  meet  the  perpendicular  through  the  centre  O  in  C.  Then  the 
triangles  APN  and  OPC  are  similar,  and  AP  :  AN  :  :  OP  :  00.  In 
other  words,  if  OP  =  velocity  of  crank-pin,  then  the  intercept  OC  = 
corresponding  velocity  of  piston  for  position  OP  of  the  crank. 

Polar  Diagram  of  Piston  Velocity. — The  velocity  of  the  piston  at 
each  point  of  its  path  throughout  the  stroke  may  be  represented  by  a 
curve  as  follows :  First  draw  a  circle  with  radius  Oa  =  assumed 
constant  velocity  of  the  crank-pin,  and,  as  shown  in  Fig.  260,  draw  the 
connecting-rod  for  various  crank-positions,  a,  6,  c,  cutting  the  vertical 
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centre  line  at  points  1,  2,  3,  etc.  With  radius  01,  O2, 03,  etc.,  transfer 
these  distances  on  to  thsir  respective  crank  positions  a,  b,  c,  etc.,  and 
join  the  points  so  obtained  by  a  curve. 

If  the  obliquity  of  the  connecting-rod  had  been  neglected,  this  curve 


FIG.  260. 

would  be  a  circle,  but  it  will  now  be  seen  to  be  an  irregular  figure 
extending  beyond  the  crank-circle  for  a  short  portion  of  the  crank-path. 

With  a  short  connecting-rod,  the  point  of  maximum  velocity  of  the 
piston  is  as  nearly  as  possible  that  at  which  the  crank  and  con- 
necting-rod  are  at  right  angles  ;  in  other  words,  where  the  centre 
line  of  the  connecting-rod  is  tangential  to  the  crank-pin  path,  as  at 
OP,  OQ  (Fig.  261). 

The  velocity  of  the  piston  is  the  same  as  that  of  the  crank-pin 
when  the  crank  is  perpendicular  to  the  centre  line  of  the  engine,  and 
again  at  crank  position  Ob,  where  the  connecting-rod  produced  from 
I  passes  through  a.  The  conditions  are  similar  at  d  and  e  below  XY. 

Between  crank  positions  a  and  b  and  d  and  e  the  piston  velocity  is 
greater  than  that  of  the  crank-pin ;  in  all  other  positions  the  piston 
velocity  is  less  than  that  of  the  crank-pin. 

At  positions  of  maximum  velocity  of  the  piston,  namely,  at  OP  and 
OQ  of  the  crank,  the  velocity  of  the  piston  is  to  that  of  the  crank-pin 
as  Oc  :  Oa. 

Tangential  Pressure  on  the  Crank-pin.— Having  considered  the 
relative  velocities  of  piston  and  crank-pin,  we  will  now  examine  the 
relation  between  the  forces  acting  through  these  moving  parts. 

First,  considering  the  case  where  the  pressure  of  the  stnam  is 
assumed  uniform  throughout  the  stroke,  and  neglecting  the  obliquity 
of  the  connecting-rod  and  the  inertia  of  the  moving  parts. 

In  Fig.  262,  let  AB  produced  be  the  centre  line  of  a  horizontal  engine, 
O  the  centre  of  the  crank-shaft,  and  OA  the  radius  of  the  crank.  Let 
OA  also  represent  to  scale  the  total  pressure  P  acting  on  the  piston 
(supposing  the  pressure  on  the  piston  constant). 

When  the  crank  is  in  position  AO,  the  pressure  of  the  steam  upon 
the  piston  has  no  tendency  to  turn  the  crank  about  its  centre  O,  the 
piston-rod,  connecting-rod,  and  crank  being  all  in  one  straight  line, 
and  the  whole  pressure  acts  to  press  the  crank-shaft  against  its 
bearings.  When  the  crank  is  in  position  OB,  the  pull  being  in  the 
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line  AB,  there  is  again  no  tendency  to  turn  the  crank  about  0.  These 
two  positions  of  the  crank  are  called  the  dead  centres. 

For  positions  OC  and  OD  of  the  crank,  the  whole  pressure  P  on 
the  piston  (neglecting  the  obliquity  of  the  connecting-rod)  acts  at 
the  moment  in  the  direction  of  motion  of  the  crank-pin,  and  hence  the 
whole  force  is  exerted  in  turning  the  crank.  At  this  point  C,  and  at 
the  opposite  point  D,  the  turning  moment  is  a  maximum  =  P  X  CO. 

From  this  we  see  that,  even  though  the  pressure  on  the  piston  is 
uniform  throughout  the  whole  stroke,  the  turning  effort  on  the  crank- 
pin  is  very  variable,  changing  from  zero  at  the  dead  centres,  to  a 
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maximum  at  two  points  of  the  revolution.  Under  the  conditions  here 
assumed,  the  points  of  maximum  turning  effort  are  when  the  crank  is 
at  right  angles  to  the  axis  of  the  cylinder ;  but  when  the  steam  is 
cut  off  at  some  earlier  point  than  half-stroke,  the  maximum  turning 
effort  is  somewhere  nearer  the  beginning  of  each  half-revolution. 

At  intermediate  positions  the  pressure  on  the  crank-pin  is-  employed 
partly  in  turning  the  shaft,  and  partly  in  causing  an  increased  pressure 
through  the  crank  upon  the  main  bearings. 

To  find  the  twisting  moment  on  the  shaft  due  to  the  pressure  on  the 
piston  acting  on  the  crank  at  point  C  (Fig.  263).  The  pressure  P, 
acting  parallel  to  AB  through  C,  causes  a  twisting  or  turning  moment 
about  O  =P  x  DO  =  P  x  CE.  But  P  is  assumed  constant;  there- 
fore for  any  point,  C,  C',  C",  of  the  crank  the  twisting  moment  is  pro- 
portional to  the  perpendicular  CE,  C'E',  etc.,  drawn  from  C  upon  AB  ; 
and  the  amount  of  the  twisting  moment  in  inch-pounds  =  CE,  C'E',  etc., 
in  inches  multiplied  by  P,  the  total  pressure  on  the  piston  in  pounds. 

The  tangential  or  turning  effort  acting  on  the  crank -pin,  as  dis- 
tinguished from  the  tivisting  moment  acting  through  the  shaft,  may  be 
found  thus  : 

If  T  is  the  turning  effort  acting  tangentially  on  the  pin,  then  T  x 
radius  CO  =  twisting  moment  due  to  turning  effort  T  about  0.  But 
?  X  CE  is  also  the  twisting  moment ; 

therefore  T  x  CO  -  P  X  CE 

T  -  P  x  — 
K  CO 

=  P  sin  Q 
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If  the  radius  CO  be  drawn  equal  to  the  pressure  P  to  scale, 
then— 

from  T  =  P  x  ^ 
\j\j 

v  e  have  T  =  CE 

and  this  is  true  for  any  position  of  the  crank. 

Since  the  twisting  moment  at  any  part  of  the  revolution  is  equal  to 
the  tangential  effort  multiplied  by  a  constant  number,  namely,  the 
length  of  the  crank,  the  diagram  of  tangential  effort  and  the  diagram 
of  twisting  moments  are  the  same,  though  measured  by  a  different 
scale,  the  one  being  in  pounds,  and  the  other  in  pounds  multiplied  by 
the  radius  of  the  crank  in  inches. 

Diagrams  of  Turning  Effort  on  the  Crank. — The  facts  above  stated 
as  to  the  variable  nature  of  the  tangential  or  turning  effort  on  the 
crank-pin  during  a  revolution  of  the  crank  may  be  well  illustrated  by 
a  diagram  as  follows  : — • 

Let  the  circle  ACBD  represent  the  crank-pin  path,  and  OC  the 
radius  of  the  crank ;  and  let  OC  represent  to  scale  the  pressure  on 
the  piston  (supposed  uniform).  Take  a  number  of  equal  subdivisions, 
C,  C',  etc.  Then  the  perpendicular 
CE  on  AB  for  any  position  OC  of 
the  crank  represents  the  turning 
effort  on  the  crank-pin  at  this  point. 
From  C,  C',  etc.,  set  off  on  the 
radius  OC  produced  distances  CF, 
C'F  equal  to  CE,  C'E'.  If  the  ex- 
tremities of  these  lines  be  joined,  a 
curve  is  obtained  above  and  below 
the  centre  line  which  represents 
the  turning  effort  at  every  part  of 
the  revolution  ;  and  it  will  be  seen 
therefrom  in  what  way  the  turning 
effort  varies  during  one  revolution 
from  zero  at  A  and  B  to  a  maximum 
at  G  and  H.  As  before  explained, 
if  the  scale  of  measurement  be 
multiplied  by  the  crank  radius  in 
inches,  the  same  diagram  will  serve 
;is  a  twisting-moment  diagram. 

The  dotted  circle  drawn  from  the  centre  O,  with  radius  OK,  is 
the  curve  of  mean  tangential  pressure,  and  it  is  drawn  by  making 
AK  :  P  : :  2  :  TT,  where  P  =  the  mean  effective  pressure  on  the  piston 
(neglecting  friction). 

The  circumference  of  the  circle  ACBD  (Fig.  264)  may  be  unwound 
and  the  diagram  set  up  on  a  straight  base,  as  shown  in  Fig.  265.  The 
straight  base  MN  is  drawn  equal  to  the  circumference  of  the  circle 
ACBD  (Fig.  264).  It  is  then  divided  into  the  same  number  of  equal 
parts  as  the  circumference,  and  distances  CF.  C'F,  etc.,  set  up  from 
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the  respective  divisions.     The  curves  joining  the  ends  of  these  lines 
are  the  curves  of  tangential  pressure  as  before. 


FIG.  265. 

The  mean  tangential-pressure  line  KL  is  drawn  by  setting  up  MK, 
so  that  MK  :  P  : :  2  :  TT. 

It  will  be  noticed  that  the  area  MFF'B,  enclosed  between  the  base 
and  the  curve  and  shown  shade-lined,  is  the  diagram  of  work  done 
upon  the  crank-pin  during  a  half-revolution  of  the  crank-shaft,  the 
ordinates  representing  the  turning  effort  in  pounds,  and  the  base 
representing  the  distance  through  which  the  effort  has  been  exerted  ; 
and  this  area  is  exactly  equal  (neglecting  friction)  to  the  work  done 
upon  the  piston  during  a  single  stroke,  as  given  by  the  indicator 
diagram.  If  S  =  stroke  of  piston,  and  P  =  mean  pressure  on  piston, 

then  S  X  -  =  path  of  crank-pin  during  one  stroke  of  piston,  and  MK, 

o 
mean  tangential  pressure  on  crank-pin,  =  P  x  - 


=  (pxJ)x(Sx|) 


The  line  KL  (Fig.  265)  has  been  called  the  line  of  mean  tangential 
pressure,  but  it  is  also  the  line  of  resistance  due  to  the  load  (assuming 


the  load  constant) ;  for  unless  the  mean  effort  and  the  mean  resistance 
are  equal,  there  must  be  a  change  of  speed  of  revolution  of  the  engine, 
the  speed  increasing  or  decreasing  as  the  effort  is  greater  or  less  than 
the  resistance. 

We  have  seen  that,  though  the  resistance  is  uniform,  the  effort 
is  extremely  variable.  Thus  (Fig.  266),  during  a  half-revolution  of 
the  crank,  and  commencing  at  the  point  a,  the  force  exerted  rises 
above  the  mean-resistance  line  KL,  and  continues  above  this  line 
till  the  point  c  is  reached,  and  unless  a  flywheel  is  attached  to 
the  engine  to  absorb  the  additional  power,  the  result  will  be  that 
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during  the  short  portion  ac  of  the  revolution,  the  driving  force  being 
greater  than  the  resistance,  the  speed  of  rotation  will  increase  and 
become  a  maximum  at  c.  Beyond  the  point  c  the  driving  force  falls 
below  the  resistance,  and  without  a  flywheel  to  restore  power  to  the 
engine,  the  speed  will  decrease  until  the  point  e  is  reached,  at  which 
point  the  speed  is  a  minimum. 

It  will  thus  be  seen,  though  the  speed  per  minute  may  be  uniform, 
that  there  is  much  tendency  to  irregularity  of  speed  of  rotation  during 
a  single  revolution.  This  tendency,  however,  is  very  largely  corrected 
by  the  addition  of  a  flywheel,  as  is  explained  subsequently.  If  the 
straight  base  MN  (Fig.  266),  representing  the  circumference  of  the 
crank-pin  path,  be  divided  into  a  scale  of  degrees,  then  M#  degrees 
to  scale  represent  the  position  of  the  crank-pin  past  its  dead  centre 
M  when  the  velocity  of  the  crank  is  a  minimum,  and  Mh  degrees  the 
position  of  the  crank-pin  when  the  velocity  of  the  crank  is  a  maximum. 

When  the  speed  of  the  engine  is  constant,  the  area  abc  is  equal  to 
the  area  cde.  When  the  area  abc  is  greater  than  the  area  cde,  then 
the  speed  is  increasing,  and  vice  versa. 

Effect  on  the  Twisting  Moment  of  Combinations  of  Cranks. — For 
several  reasons,  it  is  important  that  the  twisting  moment  on  the 
crank-shaft  should  be  as  uniform  as  possible,  and  therefore  that  the 
areas  abc  and  cde  (Fig.  266)  should  be  reduced  as  much  as  possible. 
The  way  in  which  these  areas  are  affected  by  various  combinations  of 
multiple-cylinder  engines  working  on  various  arrangements  of  cranks 
is  shown  by  the  following  figures.  The  steam  in  the  respective 
cylinders  is  considered  of  uniform  pressure,  throughout  the  stroke  for 
the  sake  of  simplicity. 

Case  I.  A  single  engine  working  on  a  single  crank.  This  case  has 
already  been  considered. 

Case  II.  Two  engines  working  on  tlie  same  shaft  icith  cranls  directly 
opposite  (Fig.  267). 

In  this  case  each  engine  is  on 
the  dead  centre  at  the  same  time, 
and  the  points  of  minimum  and 
maximum  twisting  moment  on  the 
crank-pin  coincide.  Hence  the 
twisting  stresses  in  the  crank- 
shaft are  doubled  throughout,  and 
the  diagram  of  total  twisting 
moments  is  obtained  by  adding  FIG.  2G7. 

together    the    diagrams    of    each 

crank  as  shown  in  Fig.  268.  Thus  MfcD  is  the  twisting-moment  curve 
for  a  single  engine  during  a  half-revolution,  and  McD  is  the  twisting- 
moment  curve  for  the  combined  cranks  when  placed  directly  opposite. 
McD  is  obtained  by  doubling  the  ordinates  ab,  so  that  ac  =  2ab  for 
each  position  along  the  circumferential  base  MN. 

From  this  diagram  (Fig.  268),  it  will  be  seen  that  in  Case  II.  the 
stresses  vary  through  a  much  wider  range  than  in  Case  I.,  the  range 
in  the  second  case  being  from  zero  to  double  the  maximum  stress 
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which  obtained  in  the  first  case.     The  line  of  resistance  KL,  or   of 
mean  twisting  moment,  is  raised  to  twice  its  former  height,  and  the 


D 
360°- 


FIG.  2G8. 

shaded  areas  egf  and  dDe  represent  the  energy  in  foot-pounds  given 
up  to  the  flywheel  or  restored  by  it  respectively,  twice  every  revo- 
lution. 

This  arrangement  of  opposite  cranks  is  sometimes  adopted,  especially 
in  small  high-speed  engines,  with  the  object  of  balancing. 

Case  III.  Cranks  at  right  angles.     This  is  much  the  most  common 
arrangement  of  cranks  in  two-cylinder  engines,  and  its  advantages  in 
reducing  the  range  of  the  twisting  stresses  will  be 
seen  from  Fig.  270. 

This  arrangement  possesses  the  further  ad- 
vantage of  enabling  an  engine  to  start  more 
easily  than  when  the  two  cranks  are  opposite, 
for  when  one  crank  is  on  the  dead  centre  the 
other  is  in  the  position  of  maximum  turning 
moment,  in  which  position  the  engine  may  be 
started  easily — unless  it  should  happen  that 
steam  is  cut  off  by  the  valve-gear  before  the 
half-stroke,  in  which  case  the  engine  would 
have  to  be  moved  round  till  the  crank  was  past  the  dead  centre  before 
starting  could  take  place. 

Fig.  270  is  constructed  by  drawing  first  the  twisting-moment  curve 


\ 


\ 


FIG.  2G9. 


D 
360°— 

FIG.  270. 


as  before  for  one  crank,  as  MfcD   on  the  half-revolution  length  MD. 
Then  for  the  second  cra-xk  the  point  *,  midway  between  M  and  D,  or 
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90°  ahead  of  M,  is  the  starting-point  for  the  second  curve  of  twisting 
moment. 

When  the  engines  are  equal  in  all  respects,  as  is  here  assumed, 
then  the  two  curves  are  equal,  and  the  curve  sir  is  drawn  equal  to 
M6D.  The  true  curve  of  twisting  moment,  ebft,  etc.,  is  then  found 
by  taking  the  sum  of  the  vertical  distances  of  the  separate  curves, 
thus  ac  +  ad  =  ae,  and  so  on. 

The  line  KL  is  the  mean  turning-effort  line  for  a  single  crank,  as 
before,  and  MK'  =  2MK  for  the  double  crank.  Or  in  practice,  when 
the  power  of  the  engines  is  unequal,  MK'  is  obtained  from  (Px  +  P^ 

+  ...)-,  where  Pw  P^,,  etc.,  are  the  mean  effective  pressure  on  each 

piston  respectively  for  two  or  more  engines. 

Case  IV.   Triple  expansion  engines  with  cranks  at  120°. 

In  Fig.  272,  the  curves  for  a  single  engine  are 
drawn  as  before,  starting  from  the  point  M  with 
the  first  curve ;  at  a  point  1 20°  ahead  of  M,  for 
the  second  crank ;  and  at  a  point  240°  ahead  of  M, 
for  the  third  crank.  The  true  curve  of  twisting 
moments  is  then  obtained  by  taking  the  sum 
of  the  ordinates  ab  4-  etc  4-  ad,  and  constructing 
the  curve  by  taking  as  many  ordinates  as  are 
required. 

From  the  Figs.  268,  270,  272,  it  will  be  ob- 
served that  by  increasing  the  number  of  cranks  the  percentage  variation 
in  the  turning  effort  is  much  reduced,  as  shown  by  the  shaded  areas  on 
each  side  of  the  mean  line  KL. 


FIG.  271. 


a  120" 


240° 


360°-- 

FIG.  272. 


Turning  Effort  on  the  Crank-pin  with  Variable  Pressure  on  the 
Piston. — It  has  already  been  shown,  in  connection  with  the  velocitv 
ratios  of  piston  and  crank-pin  (Fig.  273),  that  for  any  position  00 
of  the  crank  and  OP  of  the  connecting-rod,  if  OA  be  drawn  perpen- 
dicular to  ON,  velocity  of  P  :  velocity  of  C  : :  OA  :  OC,  the  velocity 
of  the  crank-pin  OC  being  constant,  and  OA  varying  with  the  posi- 
tion of  the  piston  in  the  path  of  its  stroke,  MN".  Then,  having  obtained 
the  velocity  ratio  of  two  rigidly  connected  joints,  C  and  P,  and 

knowing   that   force  ratio  =  — ; — r:—        —  >  the  pressures  transmitted 

velocity  ratio 
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at  C  and  P  in  the  element  PC  are  inversely  as  their  velocities. 
Hence,  if  OC  represent  to  any  scale  the  pressure  Pd  on  the  piston, 
then  OA  represents  to  the  same  scale  the  turning  effort  on  the  crank- 


P     N 


Fm.  273. 

pin  C.  Or,  more  conveniently,  if  the  pressure  Pd  per  square  inch  on  the 
piston  for  any  position  P  be  set  off  on  CO  as  at  Ca,  and  db  be  drawn 
parallel  to  OA,  then  ab  is  the  turning  effort  on  the  crank -pin  per 
square  inch  of  piston  area  for  the  position  OC  of  the  crank  ;  for  the 
triangles  OAC  and  abC  being  similar,  OA  :  OC  :  :  ab  :  aC.  If  ab  be 
multiplied  by  the  area  of  the  piston  in  square  inches,  the  total  turning 
effort  is  obtained. 

Diagram  of  Effective  Pressure  on  the  Piston. — In  order  to  obtain 
the  twisting-moment  diagram  accurately,  it  is  necessary  to  find  out 
the  net  pressure  acting  on  the  piston  at  each  point  of  the  stroke,  and 
this  can  only  be  obtained  by  knowing  the  pressure  acting  on  the  two 
opposite  sides  of  the  piston ;  whereas  the  indicator  diagram  gives  the 
forward  line,  and  the  backward  line  on  the  same  side  of  the  piston. 

We  therefore  require  to  have  a  diagram  taken  from  each  side  of 
the  piston  at  the  same  time,  and  to  combine  the  forward  line  of  the 
diagram  from  one  side  with  the  backward  line  of  the  diagram  from 
the  opposite  side. 

In  Fig.  274,  A  and  B  are  indicator  diagrams  from  opposite  sides 
of  the  piston,  and  C  and  D  are  effective-pressure  diagrams  drawn 
therefrom.  Fig.  274,  C  is  the  net  or  resultant  diagram  for  the  front 
end  of  the  cylinder,  and  D  for  the  back  end  set  up  from  a  hori- 
zontal base  line  MN.  The  diagrams  are  drawn  by  first  dividing  each 
figure  into  ten  equal  divisions,  and  each  line  MN,  M'N',  similarly. 
Take,  for  example,  division  1  on  each  diagram,  A,  B,  and  C ;  a  is  the 
total  forward  pressure  (Fig.  A)  when  b  is  the  back  pressure  at  the 
same  time  on  the  other  side  of  the  piston  (Fig.  B) ;  therefore  the  height 
at  division  1  (Fig.  C)  is  equal  to  the  difference  between  a  and  b,  and 
so  on  for  each  division.  Towards  the  end  of  the  stroke  of  the  piston, 
the  back  pressure  due  to  large  compression  may  be  in  excess  of  the 
forward  pressure,  and  the  curve  becomes  negative  and  falls  below  the 
zero  line  of  pressure  MN. 

The  Figs.  C  and  D  (274)  are  net  diagrams  for  each  side  of  the 
piston  respectively.  The  effect  of  the  inertia  of  the  reciprocating  parts 
is  not  here  included. 

Influence  of  Inertia  of  the  Reciprocating  Parts.— It  may  be  explained 
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that  by  the  term  inertia  is  meant  the  property  possessed  by  bodies 
b    virtue  of  which  they  offer  resistance  to  change  of  velocity,  whether 


by 


D  BACK  END 


FIG.  274. 

that  change  be  from  a  condition  of  zero  velocity,  as  when  a  shot 
is  projected  from  a  gun,  or  whether  the  change  be  from  that  of  a 
high  velocity  to  a  condition  of  rest,  as  when  the  flying  projectile  is 
stopped  by  the  target.  In  each  case  the  inertia  of  the  shot  had  to  be 
overcome— in  the  first  instance,  by  the  energy  in  the  powder;  and 
in  the  second  instance,  at  the  expense,  possibly,  of  the  fractured 
target  upon  which  the  force  was  expended.  Similarly,  in  order  to 
start  the  reciprocating  parts  of  an  engine  from  their  condition  of 
rest  at  the  beginning  of  each  stroke  to  that  of  maximum  velocity,  if 
the  piston  velocity  is  high,  a  considerable  proportion  of  the  energy  of 
the  steam  may  be  absorbed  in  overcoming  the  inertia  of  those  parts 
before  its  effect  can  be  felt  as  turning  effort  on  the  crank-pin. 
Fortunately,  however,  there  is  no  loss  of  energy  due  to  this  cause, 
for  the  force  required  to  overcome  inertia  during  the  increase  of 
velocity  is  again  restored  in  the  later  part  of  the  stroke  as  pressure 
on  the  crank-pin  while  the  crank-pin  brings  the  moving  parts  to  rest. 

It  is  evident,  therefore,  that  before  constructing  a  diagram  of 
turning  effort  on  the  crank-pin,  we  must  first  "  correct  the  indicator 
diagram  for  inertia"  by  subtracting  the  amount  of  the  pressure 
employed  in  accelerating  the  reciprocating  parts  during  the  early 
part  of  the  stroke,  and  adding  to  the  diagram  the  pressure  restored 
to  the  crank-pin  while  retarding  those  parts  during  the  later  portion 
of  the  stroke. 

The  amount  of  the  effort  absorbed  during  acceleration  is  in  all 
cases  equal  to  that  restored  during  retardation,  and  the  total  energy 
exerted  upon  the  pin  (neglecting  friction)  is  unaffected  by  the  work 
of  acceleration  and  retardation,  but  the  distribution  of  the  turning 
effort  during  each  half-revolution  of  the  crank  may  be  greatly 
changed,  and  its  influence  upon  the  regularity  of  speed  of  the  engine 
may  be  considerable. 
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Force  required  to  accelerate  the  Velocity  of  the  Reciprocating 
Parts. — The  reciprocating  parts  include  the  piston,  piston-rod,  cross- 
head,  and  part  of  the  connecting-rod,  and  the  force  required  may  be 
easily  found  by  assuming,  for  the  purpose  of  this  problem,  that  the 
whole  mass  of  the  parts  is  concentrated  at  the  crank-pin,  and  rotating 
with  it — the  obliquity  of  the  connecting-rod  being  in  the  first  instance 
neglected. 

The  centripetal  force  exerted  when  the  mass  is  turned  about  the  centre 
O  (Fig.  275)  acts  radially  in  the  direction  AO,  PO,  BO,  etc.,  for  every 

Wt?2 

position  of  the  crank,  and  is  equal  to  F  =  —       =  MwV;  and  this  force 

may  be  resolved  horizontally,  as  at  PE,  and  vertically,  as  at  PN,  for  each 

position  of  the  crank.  Thus,  if  OP  = 
the  centripetal  force  F,  then  PE  =  NO 
=  F  cos  0  =  the  horizontal  component 
of  the  centripetal  force  F,  and  is  the 
amount  of  force  employed  in  accelerat- 
ing the  velocity  of  the  mass  at  position 
N  in  the  horizontal  direction  A  to  B. 
The  forces  may  thus  be  obtained  for  all 
positions  P  of  the  crank,  and  they  are 
the  same  as  would  be  required  to  accele- 
rate the  reciprocating  parts  in  their 
corresponding  ordinary  positions,  the 
masses,  the  horizontal  distances,  and 
the  intervals  of  time  being  the  same 
in  either  case. 
The  vertical  components  of  the  centripetal  force  take  no  part  in 

horizontal  acceleration,  and  are  therefore  neglected. 

At  the  beginning  A  of  the  stroke,  the  whole  centripetal  force  F  acts 

horizontally,  it  has  no  vertical  component,  and  cos  0  =  1.     Therefore 

acceleration  at  A  is  a  maximum,  and  =  F  =  -  WrN2  X  0*00034, 

where  W  =  weight  of  reciprocating  parts  in  pounds,  r  =  radius  of 
crank  in  feet,  and  N  =  number  of  revolutions  per  minute.  In  order 
to  apply  the  force,  when  obtained,  to  the  indicator  diagram,  it  must 
be  expressed  in  pounds  per  square  inch  of  the  piston  area ;  the  above 
value  of  F  is  therefore  divided  by  the  piston  area  in  square  inches. 
Thus,  pressure  required  per  square  inch  of  piston  to  start  the  recipro- 
cating parts  at  beginnirj  of  stroke 

_   ,  _  WrN2  X  0-00034 
area  of  piston 

At  the  middle  of  the  stroke  the  whole  centripetal  force  acts  verti- 
cally, and  it  has  no  horizontal  component.  Here  the  velocity  of  the 
reciprocating  parts  is  a  maximum,  and  there  is  110  longer  any  force 
exerted  in  increasing  its  velocity  any  further ;  the  acceleration,  there- 
fore, at  the  mid-positions  of  the  crank  is  zero. 

Beyond  this  point  the  reciprocating  parts  are  retarded  until  they 
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are  brought  to  rest  at  the  end  of  the  stroke  ;  the  forces  exerted  on  the 
crank-pin  in  bringing  the  moving  parts  to  rest  are  exactly  the  reverse 
of  those  acting  upon  the  piston  to  generate  its  velocity  during  the 
lirst  half  of  the  stroke. 

The  distribution  of  the  forces  throughout  the  stroke  may  be  seen 
by  Fig.  276,  where  AB  represents  the  length  of  the  piston  stroke.  Set 
off  AC  =  /as  obtained  by  the. above  equation,  and  use  the  same  scale 
of  pounds  as  is  used  for  the  indicator  diagram  to  which  the  diagram 
is  to  be  applied.  At  D,  the  mid-position  of  the  piston,  the  accelera- 
tion is  zero.  At  intermediate  points,  as  at  N,  set  off  NO  (Fig.  276)  to 
scale,  bv  measurement  of  the  horizontal  component  NO  from  the 
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diagram  (Fig.  275),  or  by  calculation  of  the  value  of/  cos  0  for 
several  positions  of  the  crank.  If  the  ordinates  so  found  be  joined, 
the  straight  line  CODE  is  obtained. 

The  triangles  ACD  and  BED  are  equal,  and  they  each  represent, 
by  their  area,  work  done  (1)  by  the  steam  upon  the  piston  to  generate 
velocity,  (2)  by  the  reciprocating  parts  upon  the  crank-pin  during 
retardation  from  maximum  to  zero  velocity.  Thus,  area  of  triangle 
ACD  =  kinetic  energy  stored  up  in  moving  parts  011  reaching  middle 

of   stroke  =  —  — .     But  AD  =  r  =  radius  of    crank,  and  r  X  ^AC  = 

**!/ 

area  of  triangle  = ;  therefore  AC  =  -- —  as  before.      The  same 

20  gr 

reasoning  applies  to  triangle  DEB,  which  represents  energy  given  up 
by  the  reciprocating  parts  and  transferred  to  the  crank-pin. 

Illustrations  of  the  Effects  of  Inertia  upon  the  Pressure  trans- 
mitted to  the  Crank-pin.1 — Suppose  first  the  case  of  an  engine  taking 
steam  through  the  whole  length  of  stroke.  Then  the  indicator  diagram 
is  approximately  a  rectangle  =  ABCD  (Fig.  278).  Let  the  pressure  of 
steam  AB  =  20  Ibs.  per  square  inch,  and  the  pressure  to  accelerate  the 

Wt;2 
piston  =  6  Ibs.  reckoned  per  square  inch  of  piston  area  =r  -   —  -7-  area 

of  piston. 

If  AE  be  set  down  below  AD  =  6  Ibs.  to  scale,  and  DF  above 
AD  =  6  Ibs.,  and  points  E  and  F  be  joined,  then  the  line  EKF  repre- 
sents the  extent  of  correction  required  for  the  indicator  diagram 
before  the  pressure  transmitted  to  the  crank-pin  can  be  determined. 

Between  points  B  and  G  on  the  top  line  of  the  diagram,  set  down 
1  Sec  "  A  Practical  Treatise  on  the  Steam  Engine,"  by  Mr.  A.  Rigg. 
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below  BG  ordinates  m  equal  to  and  corresponding  with  ordinates  n 
between  lines  EK  and  AK.     Similarly,  set  up  above  GO  ordinates  m 

equal  to  and  corresponding  with 
ordinates  n  between  KF  and  KD. 
Then  ALGHD  is  the  corrected 
diagram,  from  which  is  measured 
the  pressure  transmitted  to  the 
crank-pin. 

Though  the  pressure  of  the 
steam  upon  the  piston  is  assumed 
uniform  throughout,  the  pressure 
transmitted  to  the  crank-pin  is 


very  variable,  being  14  Ibs.  at  the 
bsginning  of  the  stroke,  20  Ibs.  in 
the  middle  of  the  stroke,  and  26 

FIG  278  Iks.  a^  khe  end  °f  the  stroke  ;  and 

since  the  effects  of  inertia  rapidly 

increase  with  the  speed,  the  ratio  of  increase  being  as  the  square 
of  the  velocity,  the  diagram  shows  how  seriously  high  the  pressure  on 
the  crank-pin  may  become  at  high  speed  towards  the  end  of  the  stroke, 
especially  when  the  pressure  of  the  steam  is  retained  throughout  the 
stroke. 

These  high  inertia  effects  are,  however,  greatly  modified  by  working 
the  steam  expansively,  and  by  a  judicious  use  of  steam-compression 
at  the  back  of  the  piston. 

If  the  steam  be  worked  expansively  in  the  cylinder,  the  effect  in 
reducing  the  excessive  pressure  on  the  crank -pin  at  the  end  of  the 
stroke  will  be  seen  from  the  diagram  (Fig.  279).  SSS  is  the  assumed 


FIG.  279. 


FIG  280 


diagram  of  net  effective  steam-pressure  on  the  piston,  set  up  from  the 
base-line  AB.  Line  EF  is  the  inertia  line,  and  the  piston-pressures 
S,  S,  S,  corrected  for  inertia  by  making  ordinates  m  =  n  on  the  same 
vertical  line,  and  above  or  below  SSS  as  required,  give  the  line  CCC, 
the  ordinates  of  which  at  the  various  parts  of  the  stroke  give  the 
actual  pressures  transmitted  to  the  crank-pin. 

Fig.  279  shows  the  effect  of  expansion  only,  and  Fig.  280  of 
expansion  and  compression  in  tending  to  make  the  pressure  more 
uniformly  equal  throughout  the  stroke,  as  shown  by  line  CGC. 
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Influence  of  Weight  of  Reciprocating  Parts  in  Vertical  Engines. — 
On  the  upward  stroke  of  the  piston,  the  weight  of  the  reciprocating 
parts  acts  against  the  steam  throughout  the  whole  stroke.  Hence,  if 
the  weight  of  those  parts  expressed  in  pounds  per  square  inch  of  piston 
area  be  set  up  from  A  =  AF  (Fig.  281),  to  the  same  scale  as  AC,  and 
FG  be  drawn  parallel  to  AB,  then  FG  is  the  new  base-line,  which 
will  coincide  with  the  base  of.  the  net  steam-pressure  diagram  to  be 
corrected  for  effects  of  inertia  and  weight  of  moving  parts.  A  is  the 
beginning  of  the  stroke,  and  the  ordinates  m  are  subtracted  from, 
while  the  ordinates  n  are  added  to,  the  ordinates  of  the  net  steam- 
pressure  diagram,  in  order  to  obtain  the  amount  of  pressure  trans- 
mitted as  turning  effort  on  the  crank-pin.  For  the  downward  stroke 

.E 


FIG.  281.  FIG.  282. 

the  case  is  reversed,  the  weight  of  the  reciprocating  parts  acting  with 
the  steam-pressure  throughout  the  whole  stroke. 

In  Fig.  282,  if  A'C'  be  drawn  as  before,  representing  the  force 
required  to  generate  the  required  velocity  in  the  moving  parts  at  the 
commencement  of  the  stroke,  then,  since  on  the  downward  stroke, 
part  of  this  force  (namely,  A'F')  is  supplied  by  the  weight  of  the 
parts,  an  amount  of  force  equal  to  F'C'  only  is  required  to  be  provided 
by  the  steam  to  generate  velocity. 

The  line  F'G',  drawn  a  distance  below  A'B'  equal  to  the  weight  of 
the  moving  parts  per  square  in.  of  piston  area,  is  the  new  base  upon 
which  the  net  steam-pressure  diagram  will  be  placed  to  be  corrected 
for  effects  of  velocity  and  gravity  upon  the  moving  parts.  The 
ordinates  m  will  be  subtracted  from  and  the  ordinates  n  added  to 
the  corresponding  ordinates  of  the  steam-pressure  diagram,  A  being 
considered  the  beginning  of  the  stroke. 

The  work  done  (=  area  AG)  in  lifting  the  reciprocating  parts 
during  the  upward  stroke,  and  thus  reducing  the  effective  work  on 
the  crank-pin,  is  compensated  for  by  the  restoration  of  the  same 
amount  of  work  to  the  crank-pin  during  the  downward  stroke  (=  area 
A'G'),  the  weights  during  this  stroke  assisting  the  steam-pressure. 
There  is,  therefore,  no  loss  due  to  the  weights  of  the  moving  parts. 

When  the  Obliquity  of  the  Connecting-rod  is  included. — When  the 
influence  of  the  short  connecting-rod  is  included,  the  problem  of  finding 
the  inertia  line  is  more  complex,  but  for  practical  purposes  it  is  usually 
sufficient  to  find  the  acceleration  at  the  two  ends  of  the  stroke,  and 
to  find  the  point  of  zero  acceleration.  Then,  by  drawing  a  free  curve 
through  these  three  points,  we  may  obtain  with  sufficient  accuracy  the 
inertia  line  required.1 

1  For  a  construction  for  finding  all  points  in  the  curve,  see  the  chapter  on 
"  Balancing  of  Engines." 
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First,  to  find  the  point  B  (Fig.  283),  or  the  position  of  the  piston 
at  the  point  of  its  maximum  velocity,  where  its  acceleration  is  zero. 
This  may  be  found  with  almost  absolute  accuracy  by  a  simple 
geometrical  construction,  thus : 


FIG.  283. 


Draw  GO  (Fig.  283)  to  scale  equal  to  the  crank  radius,  and  draw 
AC  at  right  angles  to  it  and  equal  in  length  to  the  connecting-rod. 
Join  OA,  and  rotate  the  right-angled  triangle  OCA  about  O.  Or — 

BO2  =  I2  +j* 
BO  =  /Z'T  H 

B  is  the  point  required  representing  the  position  of  the  piston  in  the 
path  DE  of  the  stroke  at  the  moment  of  maximum  velocity.  It  "is 
also  the  point  of  zero  acceleration  on  the  inertia  curve. 

At  the  point  D,  the  beginning  of  the  stroke  DE  (Fig.  284), 
the  accelerating  force  DA  is  found  in  the  following  way.  When  the 
crank  is  passing  the  dead  centre  and  the  connecting-rod  is  finite,  the 


FIG.  28k 


FIG.  285. 


centripetal  force  includes  two  effects  :  first,  that  due  to  the  rotation 
of  the  mass  about  the  centre  of  the  crank-shaft  O ;  and,  secondly, 
that  due  to  its  tendency  to  rotate  also  about  the  centre  B  of  the  con- 
necting-rod BP  (Fig.  285).  Thus  the  acceleration  at  P  is  proportional 
to  the  sum  of  the  curvatures  drawn  with  radii  OP  and  BP  respectively. 
At  the  other  end  of  the  stroke,  when  the  crank  is  passing  the  centre 
P',  the  centripetal  force  due  to  the  motion  of  the  connecting-rod  acts 
in  the  same  direction  as  that  of  the  crank,  and  the  acceleration  at 
P'  is  proportional  to  the  difference  of  those  curvatures.  Hence,  if  the 
connecting-rod  =  n  times  the  radius  r  of  the  crank,  then  the  accele- 

\V/«2        ?;2\         "W'«2  /  1\ 

rating  force  at  P  =  -  I  -  +  —    =    - — (  1  +  - ),  and  the  force  at  P' 
g  \  r       fir/        gr    \         nj 

'     V2          V2\  W«72/  lx 

)  = ( 1 ).     If.  then,  the  value  of  the  centripetal 

s  r       nr  '         gr  \         nj 
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force  at  P  and  F  (Fig.  285)  be  set  off  vertically  from  D  and  E,  and 
=  DA  and  EC  respectively  (Fig.  284),  and  a  free  curve  ABC  be 
drawn,  then  ABC  is  the  curve  of  inertia  required  with  which  to 
correct  the  net  pressure-diagram  on  the  piston  when  determining 
the  pressure  transmitted  to  the  crank-pin.  This  subject  will  be 
dealt  with  more  fully  in  the  chapter  on  "  Balancing  of  Engines." 

If  the  speed  of  the  engine  exceed  a  certain  number  of  revolutions, 
the  pressure  necessary  to  accelerate  the  piston  may  be  greater  than 
that  of  the  steam-pressure  in  the  cylinder,  in  which  case  the  crank 


FIG.  286. 

will  at  first  pull  the  reciprocating  parts  during  the  early  portion  of 
the  stroke  beyond  which  the  steam-pressure  will  begin  to  act,  and  the 
reciprocating  parts  close  up  against  the  crank-pin  and  crosshead-pin 
with  a  more  or  less  serious  knock.  This  is  an  indication  that  the 
engine  is  working  beyond  its  limit  of  speed  for  the  steam -pressure 
employed.  By  working  at  a  higher  initial  steam-pressure,  and  cutting 
off  earlier  in  the  stroke,  the  knock  may  be  avoided. 

EXAMPLE. — To  find  the  effect  of  inertia  at  the  ends  of  the  stroke  in 
the  following  example,  and  to  draw  the  curve  of  crank-effort  : — 

Weight  of  reciprocating  parts  =  292  Ibs.  ;  length  of  crank,  6  in.  ; 
diameter  of  cylinder,  10  in.  ;  revolutions  =  300  per  minute ;  ratio  of 
crank  to  connecting-rod  =  1  :  4 -5. 


Then  force  at  beginning  I  _ 
and  end  of  stroke        j  ~ 


T'4) 


J292JX _(27rrN)2   (l  +  ^ 
""  32  X  r^X  60  X  6(r 

292  X  39-4  X  Q-5  X  300  X  300 

32  x  60  X  60 
=  4494(1  ±  2) 
=  5492-6  or  3495-3 
P  4494 


p  =  69-9  and  44-5  Ibs.  per  square  inch  of 
piston. 
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Fig.  286  is  drawn  with  the  data  here  given,  lengths  A  and  C  being 
set  off  to  scale  equal  to  69 -9  and  44'5  at  the  beginning  and  end  of  the 
stroke  respectively,  and  the  point  B  is  found,  as  already  explained, 
by  finding  geometrically  the  position  of  the  piston  when  the  crank 
and  connecting-rod  are  at  right  angles.  A  free  curve  of  inertia  is 
then  drawn,  and  the  diagram  of  net  effective  pressure  on  the  piston 
is  set  off,  as  shown  by  dotted  lines,  by  measuring  from  the  inertia 
curve  to  the  top  line  of  the  indicator  diagram  (see  Fig.  279),  and 
resolving  the  pressure  as  shown  to  find  its  tangential  effect  on  the 
crank-pin. 

Thus,  if  the  net  pressure  b,  measured  from  the  base  line  to  the 
corrected  indicator  diagram,  shown  dotted,  be  set  off  on  the  corre- 
sponding crank  position  as  shown,  and  the  vertical  component  a, 
intercepted  by  the  connecting-rod,  be  set  off  on  the  crank  position 
produced,  then,  by  joining  the  outer  extremities  of  the  lines  a,  the 
curve  of  turning  effort  on  the  crank-pin  is  obtained. 

It  may  here  be  pointed  out  that  though  the  force  absorbed  in 
accelerating  the  moving  parts  is  restored  during  retardation  of  those 
parts,  yet  in  practice  there  will  be  a  waste  of  energy  to  a  greater  or 
less  degree  at  the  end  of  each  stroke,  if  owing  to  slack  bearings  there 
is  a  "  pound  "  or  shock  as  the  crank  turns  the  centre  and  the  moving 
parts  change  the  direction  of  motion.  With  slack  main  bearings,  the 
crank-shaft  may  be  lifted  on  the  up-stroke,  and  possibly  bent  or 
sprung  on  the  down-stroke.  To  avoid  such  effects,  the  brasses  should 
be  kept  in  good  condition,  having  a,  minimum  of  slackness,  and  the 
energy  in  the  piston  at  each  end  of  the  stroke  should  be  absorbed  by 
a  judicious  use  of  steam-cushioning  on  the  exhaust  side,  so  that  the 
piston  may  be  brought  to  rest  as  nearly  as  possible  without  shock. 


CHAPTER   XVI. 
FLYWHEELS. 

FLUCTUATION  of  speed  of  the  crank-shaft  during  each  single  revolution 
of  the  shaft  may  be  reduced  by  the  use  of  a  flywheel,  \vhose  mass 
and  radius  of  rotation  provide  a  large  moment  of  inertia,  absorbing 
energy  when  the  turning  effort  is  in  excess  of  the  resistance,  and 
restoring  it  to  the  shaft  when  the  resistance  is  in  excess  of  the  effort. 

The  extent  to  which  the  turning  effort  transmitted  to  the  crank- 
pin  varies  above  and  below  the  mean  turning  effort  is  well  seen  by  the 
diagrams  already  given. 

Thus  in  the  case  of  a  single  crank  engine  this  variation  is  large, 
while  in  triple  engines  with  three  cranks  at  120°  the  variation  is 
reduced  to  within  very  narrow  limits. 

It  is  clear,  therefore,  that  for  the  single-crank  engine  a  large  and 
heavy  flywheel  is  much  more  necessary  than  for  the  three-crank 
engine  of  the  same  power. 

To  design  a  flywheel  to  meet  the  requirements  of  a  given  case,  it  is 
necessary  to  find  out  first  what  is  the  extent  of  the  periodical  fluctua- 
tion of  energy,  above  and  below  the  mean  energy  transmitted  during 
a  single  revolution. 

For  this  purpose  a  turning-effort  diagram  is  drawn  by  the  method 
already  explained.  Thus,  in  Fig.  287,  curve  abcde  represents  the 
turning  effort  for  a  single-crank  engine  during  one  whole  revolution, 


c 

FIG.  287. 


ae.  Of  the  two  curves  abc  and  cde,  that  which  shows  the  larger 
excess  of  energy  is  chosen  for  the  calculation.  The  line  fg  is  the 
mean  of  the  two  curves.  The  resistance  is  assumed  constant.  Then 
the  work  E  done  during  one  stroke  is  represented  by  the  area  ale, 
which  area  is  equal  also  to  the  rectangle  afgc.  If  area  hbm  =  AE, 
then  AE  4-  E  is  called  the  coefficient  of  fluctuation  of  energy. 

For     multiple-crank     engines     the     turning-effort     curves    for    the 
separate    cranks    are    combined    (Fig.    288),    and    the   coefficient   of 
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fluctuation  of  energy  is  now  the  ratio  of  one  of  the  areas  projecting 
above  the  mean-effort  line,  as  the  area  efg  to  the  total  effort  abed 
during  the  stroke. 


To  find  the  value  in  foot-pounds  of  the  area  efg,  obtain  by  means  of 
a  planimeter,  or  by  simple  measurement  to  any  scale,  the  ratio  of  the 
area  efg  to  the  area  abed.  Then,  since  the  area  of  abed  is  known, 
being  equal  to  the  work  in  foot-pounds  done  by  the  steam  upon  the 
piston  or  combined  pistons  during  the  stroke,  the  area  efg  may  be 
obtained  at  once. 

To  find  the  weight  of  fly-wheel,  having  given  the  coefficient  of 
fluctuation  of  energy  and  the  limit  of  variation  of  speed. 

Fluctuation  of  the  force  acting  as  turning  effort  on  the  crank-shaft 
is,  as  a  necessary  consequence,  followed  by  fluctuation  of  speed  of 
rotation.  This  is  objectionable  in  all  engines,  but  is  especially  so  in 
some  departments  of  engineering,  such  as  electric  lighting  ;  and 
although  the  speed  of  rotation  cannot  be  made  absolutely  uniform, 
so  long  as  the  turning  effort  is  not  uniform,  the  variation  may  be 
reduced  to  any  required  extent  by  increasing  the  mass  and  radius  of 
the  flywheel. 

If  W  =  the  weight  of  the  rim  of  the  flywheel,  the  weight  of  the 
arms  being  neglected  ;  r  =  the  radius  to  centre  of  figure  of  the  rim  ; 
v  =  velocity  of  rim  at  radius  r  in  feet  per  second  ;  and  w  =  angular 
velocity  of  wheel  ; 


Then  the  energy  of  the  wheel  =  = 


and  for  any  addition  of  energy  AE,  such  as  area  hbm  (Fig.   287),  we 
have  an  increase  of  speed  from  o^  to  to.,,  and  — 

AE  =  Wr^-^L. 
20 

that  is,  for  a  given  value  of  AE  the  change  of  speed  will  vary  inversely 
as  the  weight  and  as  the  square  of  the  radius  of  the  wheel. 

The  radius  of  the  wheel  is  determined  somewhat  by  considerations 
of  appearance  and  proportion,  according  to  the  discretion  of  the 
designer,  always  remembering  that  the  peripheral  speed  of  the  rim 
should  not  exceed  100  ft.  per  second  as  a  maximum.  But  having 
determined  the  radius,  the  weight  required  to  reduce  the  variation  of 
speed  to  within  given  limits  is  obtained  as  follows  :  — 


FL  Y 'W 'HE ELS. 


2<7 


247 


W  x 


w  _  AE  x 


where  vl  =  maximum  velocity,  v  =  mean  velocity,  and  v.2  =  minimum 
velocity,  also  k  =  coefficient  of  fluctuation  of  speed  =  -  —  .  The 

value  of  Tc  varies  from  -^  for  punching  and  shearing  machines  to  —  -^ 
to  ~Q  for  electrical  machinery. 

This  variation  of  speed  has  to  do  with  the  speed  fluctuation  during 
a  single  revolution,  and  has  nothing  to  do  with  the  fluctuation  of 
speed  from  minute  to  minute,  which  is  the  work  of  the  governor. 

The  stresses  in  a  flywheel  are  of  two  kinds  :  (1)  those  due  to  centri- 
fugal force,  and  (2)  those  due  to  inertia. 


1.  The  centrifugal   force  acting  radially  in  the  wheel  =  ----  per 

foot  of  rim,  measured  on  the  mean  circumference,  W  =  weight  of  the 
rim  per  foot  of  length  ;  r  =  radius  of  wheel  to  centre  of  rim  in  feet  j 
v  =  velocity  of  rim  in  feet  per  second  at  radius  r. 

The  action  of  this  force  in  tending  to  burst  the  rim  of  the  wheel 
may  be  considered  as  equivalent  to  that  of  steam-pressure  acting 
internally  on  the  circular  shell  of  a  boiler,  and  as,  in  the  case  of  a 
boiler,  the  tendency  to  burst  the  wheel  in  a  plane  through  any 
diameter  =  F  x  d,  where  F  stands  for  centrifugal  force  per  foot  of 
rim,  and  d  the  mean  diameter  of  the  wheel  in  feet  ;  and  the  stress 

per  square  inch  on  the  material  =/=  -  -  =  —  ,  where  a  =  area  cf 

area       2a 

section  of  rim  in  square  inches. 

In  addition  to  the  tendency  to  fracture  of  the  wheel  just  referred 
to,  the  centrifugal  force  tends  also  to  bend  the  rim,  between  the  arms, 
concave  to  the  centre.  There  is  also  a  tensile  stress  upon  the  arms. 

2,  The  stresses  due  to  inertia  of  the  mass  of  the  wheel  may  become 
large  when  there  is  any  more  or  less  sudden  variation  of  the  speed  of 
the  engine,  the  effect  of  which  is  to  put  a  bending  stress  upon  the 
arms,  which  may  be  considered  as  cantilevers  loaded  at  the  rim  end 
and  secured  at  the  boss  of  the  wheel. 

EXAMPLE.  —  A  flywheel  with  a  cast-iron  rim  15  ft.  mean  diameter 
runs  at  a  speed  of  90  revolutions  per  minute.  The  section  of  the 
rim  =  150  sq.  in.  Find  the  stress  on  the  rim  tending  to  separate  it 
through  any  diameter  ;  also  find  the  stress  per  square  inch  on  the 
material  of  the  wrought-iron  strap  plates,  8  in.  x  H  in.,  one  on  each 
side  of  junction  of  segment. 

Then,  weight  per  foot  of  rim  measured  on  mean  circumference  = 
150  x  12  x  0-26  =  468  Ibs. 
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Centrifugal  force  F  per  )       Wir2 
foot  of  rim  f  =   ~^r 

=  WrN2  X  0-00034 

=  468  x  7-5  X  90  x  90  X  0-00034 

=  9666-5 

This  is  the  radial  force  per  foot  of  rim.  Resolving  this  force  at 
right  angles  to  a  diameter,  then  the  total  force  tending  to  separate 
the  rim  through  a  diameter 


=  9666-5  X  15 

=  144997-5  Ibs.,  or  64-7  tons 

Stress  /  per  square  inch  in  wrought-iron   straps  holding  segments 
of  wheel  together 

,      lead          144997-5 

=  /  = =  ~ ^T^-    -r-zT-  =  3021  Ibs.  per  sq.  in. 

area      2  x  2(8  x  1'5) 

This  neglects  the  influence  of  the  arms  in  resisting  tensile  stress. 


FIG.  289. 

Fig.  289  is  a  combined  flywheel  and  rope  drum  as  made  by  Messrs. 
Musgrave  of  Bolton.  The  construction  will  be  understood  from  the 
drawing. 

Fig.  290  is  a  type  of  flywheel  made  for  rolling  mills  in  the  United 
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States.  It  was  recently  described  by  Mr.  John  Fritz.1  This  design 
of  wheel  is  made  varying  in  diameter  from  20  to  30  ft.  It  has  been 
subjected  to  very  severe  treatment,  and  is  said 
never  to  have  been  known  to  fail. 

The  rim  is  cast  in  segments,  each  segment  being 
cast  with  its  accompanying  arm ;  and  both  seg- 
ment and  arm  are  cast  hollow  as  shown.  The 
holes  in  the  segments  are  made  smaller  at  the 
ends  so  as  to  allow  for  the  metal  taken  out  for  the 
connecting  T-pieces.  The  steel  limbs  or  T-pieces 
are  designed  so  that  the  rim  is  as  strong  at  the 
joints  of  the  segments  as  elsewhere. 

It  will  be  noticed  that  at  the  centre  of  the 
wheel  there  is  a  space  left  of  about  \  in.  on  both 
sides  of  each  arm.  This  is  filled  with  oakum,  and 
driven  hard  after  the  wheel  is  finished  and  in  its 
place. 

•L—      Fig.     291    shows   a    design   for   a   flywheel2    by 
FIG.  292.  the     "  Duisburger     Maschinenbau  -  Actien  -  Gesell- 

schaft  "  with  a    cast-iron  rim   made  in   segments, 
a  cast-iron   boss,  and  steel-plate  arms  secured   in  pairs  to  the  boss 


k 24ft.-- 


FIG.  203. 

and  rim  as  shown,  with  a  cast-iron  distance-piece  between  the  pairs 
of  arms. 

1  Cassier's  Magazine,  vol.  16,  No.  2.         2  From  "  Stahl  und  Eisen,"  May,  1899. 
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Figs.  292  and  293  1  show  a  form  of  built-up  flywheel  composed  of 
flat  steel  plates,  constructed  by  the  E.  P.  Allis  Company  of  Milwaukee, 
U.S.,  for  a  cross-compound  engine,  32-in.  and  62-in.  cylinders,  and  5-ft. 
stroke.  The  speed  at  which  the  wheel  is  intended  to  run  is  75 
revolutions  per  minute,  giving  a  speed  at  the  circumference  of  90  ft. 
per  second. 

Fig.  292  is  a  side  elevation  of  half  the  wheel  and  a  section  through  half  the  boss. 
The  boss  is  made  of  cast  iron,  and  is  8  ft.  extreme  diameter.  Against  each  face  of 
the  boss  are  two  annular  steel  plates,  A,  Fig.  292,  which  are  1  in.  thick  and  23  in. 
wide,  and  split  on  the  diameter.  From  these  plates  extend  the  web-plates,  sixteen 
in  number,  to  the  extreme  outside  diameter  of  the  wheel.  Between  the  plates  on 
the  opposite  sides  of  the  boss  are  truss-pieces,  1  in.  by  8  in.,  bolted  at  the  ends 
with  two  £-in.  bolts,  and  having  at  the  centre  two  lij-in.  bolts  as  struts.  The  truss- 
pieces  are  put  at  the  joints  between  the  web-plates.  Outside  the  web-plates  are 
cover-plates  D,  1  in.  thick  and  27  in.  wide,  also  split  on  the  diameter.  Through 
the  outside  cover-plates  D,  web-plates  B,  and  inside  plates  A,  are  forty  2^-in.  bolts. 
In  addition  there  are  forty-eight  Ig-in.  bolts  on  each  side,  through  the  cover-plates 
and  web-plates.  The  section  of  the  rim  between  the  web-plates  consists  of  thirteen 
1-in.  steel  plates  placed  side  by  side  and  joined  on  the  ends  as  shown.  Outside  of  the 
web-plates,  on  each  side  of  the  rim,  are  1-in.  by  12-in.  plates,  forming  cover-plates 
around  the  entire  rim.  Still  outside  this  is  another  strip  1  in.  by  5  in.  all  round 
the  wheel.  Countersunk  rivets  \\  in.  diameter  hold  the  plates  and  rim  together. 

"  A  good  average  value  for  the  energy  necessary  to  be  stored  in 
fly-wheels  for  electric  lighting  purposes  is  2'9  foot-tons  per  electrical 
horse-power,  and  in  traction  plant  4  foot-tons." 

''Built  steel  wheels  may  have  a  peripheral  velocity  up  to  130  ft.  per 
second." 2 

1  From  the  R<iilro:id  Gazette. 

2  See  paper  by  Mr.  A.  Marshall  Downie,  B.Sc.  {Engineering,  January  17,  1932). 
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ENGINE  DETAILS. 

Cylinders. — The  strength  of  cylinders,  as  of  all  other  parts  of  steam- 
engines,  is  initially  dependent  upon  the  pressure  of  the  steam  to  be 
used.  The  thickness  of  the  cylinder  must  be  sufficient  to  safely  with- 
stand the  maximum  steam-pressure  and  to  ensure  a  safe  casting 
throughout. 

The  general  proportions  of  the  cylinder  depend  upon  the  relation 
between  the  length  of  stroke  and  the  diameter  of  the  cylinder.  This 
value  varies  from  1  -5  to  2  -0  for  ordinary  horizontal  mill-engines,  and 
from  1-25  to  0'6  for  vertical  quick-running  engines. 

The  steam-ports  are  made  sufficiently  long  (generally  from  0  6  to 
0*8  of  the  cylinder  diameter)  to  admit  the  steam  promptly  and 
through  as  large  an  area  as  possible  when  the  valve  begins  to  uncover 
the  port,  so  as  to  give  the  piston  the  full  benefit  of  the  maximum 
steam-pressure  from  the  commencement  of  the  stroke.  A  long  port 
has  the  additional  advantage  of  permitting  a  smaller  travel  of  valve 
for  a  given  area  of  port  opening. 

The  dimensions  of  the  port  are  also  governed  by  the  necessity  of 
providing  ready  egress  for  the  steam  during  exhaust.  Getting  the 
steam  out  during  exhaust  is  a  more  difficult  problem  than  getting 
the  steam  into  the  cylinder.  Large  ports,  however,  involve  large 
clearance  volume  and  large  clearance  surface,  and,  for  reasons 
already  given,  both  of  these  should  be  reduced  to  the  lowest  possible 
limits. 

The  area  of  steam-port  is  made  sufficient  to  permit  of  a  velocity  of 
flow  not  exceeding  6000  ft.  per  minute  ; 
A          f       .4-  _  ar(a  of  piston  in  sq.  in.  X  piston  speed  in  ft.  per  rnin. 

By  turning  the  face  of  the  piston  in  the  lathe,  and  where  possible 
also  the  inner  surface  of  the  cylinder  cover,  the  clearance  volume  may 
be  more  readily  reduced  to  the  lowest  practical  limit  than  when  the 
castings  are  left  rough. 

The  clearance  space  permitted  between  the  piston  and  cylinder 
end  varies  from  J-  in.  to  ^  in.,  depending  on  the  size  of  the  engine. 

Where  the  clearance  space  is  very  small,  additional  care  is  neces- 
sary in  the  adjustment  of  brasses  at  the  various  joints  between  the 
piston  and  the  crank-pin. 
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Cylinder-liners  and  Barrels. — In  orde'r  that  a  hard  surface  shall  be 
presented  to  the  rubbing  action  of  the  piston,  it  is  usual  to  fit  a 
separate  working  barrel  made  of  hard,  close-grained  metal,  forced  or 
shrunk  into  the  cylinder,  or  secured  by  a  flange  at  the  bottom  end 
fitted  with  bolts,  as  shown  in  Fig.  294.  The  cylinder-cover  end  of 
the  liner  is  left  free  t'o  expand.  The  space  between  the  working- 
barrel  or  liner  and  the  cylinder-casting  constitutes  the  steam  jacket, 
and  the  joint  at  the  cover  end  of  the  liner  is  made  steam-tight  and 
at  the  same  time  allowed  to  expand  freely  by  methods  such  as  that 
shown  in  Fig.  294. 


FIG.  294. 


FIG.  295. 


Fig. 


Many  examples  of  cylinders  are  given  throughout  this  book. 
29~)  shows  a  cylinder  fitted  with  a  piston-valve. 

Cylinder  Patterns.  —  Where  a  great  variety  of  sizes  of  engines  are 
made,  it  becomes  a  matter  of  prime  importance  to  keep  down  the 
number  of  separate  patterns,  for  a  large  stock  of  patterns  represents  a 
large  capital,  which  is  to  a  considerable  extent  unproductive. 

In  making  a  series  of  engines  of  uniform  type  but  somewhat 
varying  powers,  one  head  pattern  can  be  used  for  the  two  ends  of 
the  cylinder  with  but  slight  alteration,  and  by  varying  the  length  of 
the  barrels  the  cylinder  pattern  can  be  used  for  a  variety  of  piston 
strokes. 

*  It  is  customary   in  many   firms  to  keep  engine  beds  to  standard 
strokes,   and  make  the  total  initial  pressure   and  power  of   tandem 
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compound  cylinders  equal  to  the  half  of  the  total  initial  pressure  of  a 
cross-coupled  or  side-by-side  compound  engine,  or  equal  to  that  of  the 
high-pressure  cylinder  only. 

Thus,  taking  a  cross-coupled  compound  engine,  18  in.  and  30  in. 
cylinder  diameters,  by  42  in.  stroke,  to  find  the  compound  tandem 
engine  the  combined  power  of  whose  cylinders  is  equal  to  that  of  the 
high-pressure  cylinder  of  the  18"  X  30"  X  42"  cross-coupled  engine, 
the  stroke  to  remain  the  same ;  then,  since  the  power  is  proportional 
to  the  squares  of  the  cylinder  diameters,  we  have  — 

1 82       324 

-g-  =  — 2~  =  162;  an(i  V162  =  13  in.  nearly 

that  is,  a  13-in.  diameter  high-pressure  cylinder  is  equal  to  one  half 
the  power  of  the  18-in.  cylinder.  By  the  addition  of  a  suitable  low- 
pressure  cylinder  to  work  tandem  with  the  13-in.  high-pressure 
cylinder,  the  total  power  will  then  be  equal  to  that  of  the  18-in.  high- 
pressure  cylinder,  then — 

SO2 

-TT  =  450;  and  V450  =  about  22  in. 

that  is,  the  heads  of  a  cross-coupled  compound  engine  13'  x  22''  X  30'' 
stroke  would  be  used  as  a  13''  X  22''  X  42''  stroke  tandem  compound 
engine,  the  beds,  rods,  bearings,  etc.,  being  the  same  as  for  a  single 
engine  of  the  18"  X  30"  X  42"  size. 

This  gives  a  well-designed  arrangement  in  both  cases,  and  minimises 
the  number  of  patterns  required. 

Low-pressure  cylinder  patterns  of  small  engines  are  used  foi*  high- 
pressure  cylinders  of  large  engines  by  simply  lengthening  the  barrel. 

The  above  remarks  assume  a  fairly  uniform  piston  speed  in  the 
above  engines,  varying  not  more  than  10  per  cent,  of,  say,  600  to  660  ft. 
per  minute. 

The  splitting  up  of  cylinder  castings  also  reduces  the  risk  of  loss 
by  defective  casting,  and  if  an  engine  is  wanted  in  a  hurry,  the 
cylinder  can  be  treated  in  several  separate  machines,  and  the  parts 
assembled  when  machined  in  a  much  shorter  time  than  is  possible  if 
the  cylinder  is  machined  as  a  single  casting.  This,  of  course,  does 
not  apply  to  the  case  where  a  large  number  of  engines  of  standard 
pattern  are  passing  through  special  machines,  or  where  the  time  lost 
in  fitting  the  assembled  parts  would  be  greater  than  that  lost  in  the 
processes  of  machining  the  cylinder  as  one  casting. 

Fig.  296  shows  a  cylinder  stuffing-box  and  gland  fitted  with  "Ward's 
metallic  packing.  A  is  the  piston-rod,  which  must  be  true  and  free 
from  grooves  if  the  arrangement  is  to  be  steam-tight ;  with  this 
packing  a  brass  bush  is  not  necessary  at  the  bottom  of  the  stuffing- 
box.  B  is  the  stuffing-box,  which  holds  the  packing.  C  is  the  gland- 
cover,  which  has  a  perfectly  true  face  on  the  inner  side,  where  the 
packing-pieces  E  and  F  bear  upon  it  and  make  a  steam-tight  joint. 

The  packing-pieces  E  are  made  of  anti-friction  metal,  lined  on  the 
outside  with  gun-metal  to  stiffen  them.  The  pieces  F  make  joints 
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with  the  pieces  E  (see  plan  of  figure),  and  present  the  passage  of 
steam  at  the  partings  of  those  pieces.  The  pieces  E  extend  from 
the  face  of  the  gland  nearly  to  the  top  of  the  stuffing-box. 

A  hoop,  G,  surrounds  the  packing-pieces.     It  is  bevelled  as  shown, 
and  tits  against  a  corresponding  face  on  the  packing-pieces  E.     The 


I 
FIG.  296. 

hoop  G  ILI  pressed  against  by  two  springs,  II,  which  keep  the  packing- 
pieces  up  to  their  work  on  the  rod  and  the  face  of  the  gland.  There 
is  a  further  small  gland  and  stuffing-box  on  the  outer  side  of  the 
main  gland-cover,  which  is  sometimes  fitted  to  keep  the  joint  dry ;  it 
is  packed  with  ordinary  packing. 
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Pistons. — A  perfect  piston  would  be  one  which  was  at  the  same 
time  both  steam-tight  and  frictionless.  In  practice,  in  order  to  make 
the  piston  steam-tight,  various  forms  of  spring  rings  are  used,  which, 
while  rendering  the  piston  steam-tight,  also  set  up  more  or  less 
friction  against  the  cylinder  walls  during  the  stroke  of  the  piston. 

The  packing-rings  of  pistons  have  themselves  an   initial  spring  or 
tendency  to   open   themselves    against   the   cylinder-barrel,  by  being 
turned  in  the    first    instance  as  a 
ring  to  a  slightly  larger  diameter 
than     the     cylinder-barrel,     after 
which  the  ring  is  cut  obliquely  so 
that  the    ring   may  be  compressed 


FIG.  297. 


| 

FJG.  298. 


and  closed  to  fit  the  barrel.  The  steam  is  prevented  from  passing 
through  the  oblique  slit  in  the  ring  just  made  by  the  insertion  of 
a  gun-metal  tongue-piece,  A,  fitting  in  a  groove  cut  right  across  the 
slit  (see  Fig.  299). 

For  the  high-pressure  pistons  of  marine  engines,  and  also  of 
locomotives,  the  packing-rings  are  generally  small  square  spring 
rings  of  cast-iron  or  bronze,  without  springs  behind  them. 

Fig.  298  is  a  good  type  of  stationary  engine  piston. 
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Figs.  299  and  300  are  typical  examples  of  cast-steel  pistons  as  made 
for  marine  work.  They  are  much  lighter  than  cast-iron  pistons  of 
the  older  type  of  the  same  diameter,  and,  being  conical  in  shape,  they 
are  also  stiffer  and  more  rigid. 

The  small  spiral  springs  behind  the  packing-ring  in  Fig.  299  force 


FIG.  299. 

the  ring  against  the  cylinder-barrel,  and  they  are  capable  of  accurate 
and  uniform  adjustment.  These  springs  are  compressed  so  as  to 
exert  a  pressure  of  about  2  Ibs.  per  square  inch  of  the  bearing  surface 
of  the  packing-ring.1 

1  See  Sennett  and  Oram,  "  The  Marine  Steam  Engine,"  p.  231. 
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Too  much  care  cannot  be  taken  to  obtain  on  the  one  hand  a  steam- 
tight  piston,  and  on  the  other  hand  to  secure  steam-tightness  with  a 
minimum  of  friction.  In  horizontal  engines  the  friction  is  further 
increased  by  the  weight  of  the  piston,  and  in  horizontal  stationary 
engines  the  practice  of  marine  engineers  of  using  light  steel  pistons 

might  be  followed  with 
advantage. 

Fig.  302  represents 
views  of  a  piston-pack- 
ing having  a  double  ad- 
justment, as  made  by 
Messrs.  Lockwood  and 
Carlisle.  The  piston- 
ring  is  in  two  parts,  and 
within  the  two  half- 
rings  is  a  compound 
spring,  one  part  being 
helical,  as  shown  in 
Fig.  302,  and  tending 
to  press  the  packing- 
rings  outwards  against 
the  cylinder  walls  ;  and 
another  part  having  a 
tendency  to  press  the 
rings  apart  against 
the  internal  faces  of  the 
piston-flange  and  the 
junk-ring.  This  pre- 
vents the  steam  from 
passing  the  piston 
through  the  back  of  the 
packing-ring. 

Fig.  297  is  a  piston- 
valve  fitted  with  the 
same  kind  of  packing 
and  spring-ring. 

Piston-speed  varies  in 
ordinary  practice  from 
about  300  to  400  ft.  per 
minute  in  small  factory 
engines,  to  about  800 
ft.  per  minute  for  ma- 
rine engines,  and  over 
1000  ft.  per  minute  for 
the  locomotive. 

The  piston-rod  is  designed  to  resist  safely  the  stresses  due  to- the 
maximum  load  on  the  piston,  and  the  area  of  the  rod  is  calculated  at 
its  weakest  part.  This  is  usually  at  the  cotter  end  of  the  rod,  where 
the  method  of  connection  is  by  a  cotter  to  the  cross-head  (see  Fig. 


! 

FIG.  300. 
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303).  Here  the  stresses  change  direction  each  stroke,  being  com- 
pressive  during  the  outward  stroke  and  tensile  during  the  inward 
stroke  ;  and  consequently  the  factor  of  safety  must  be  a  large  one. 
The  safe  stress  per  square  inch  at  this  section  for  steel  piston-rods  is 
8000  Ibs.  per  square  inch.  At  the  other  end  of  the  piston-rod,  where 
the  rod  is  turned  down  to  take  the  nut,  the  weakest  part  is  of  course 
at  the  bottom  of  the  screw-thread.  It  will  be  noticed,  however,  that 
this  part  is  subject  to  tensile  stress  only. 

Cross-heads.  —  The  cross-head  forms  a  head  for  the  purpose  of  pro- 
viding a  bearing  or  support  at  the  outer  end  of  the  piston-rod,  and 
to  which  the  connecting-rod  is  attached 
by  a  pin  passing  through  the  cross- 
head.  This  pin  is  sometimes  called 
the  gudgeon.  The  cross-head  varies 
considerably  in  design,  depending  011 
the  shape  of  the  guides  and  on  the 
extent  to  which  adjustments  are  fitted 
for  taking  up  wear  on  the  brasses  and  on  the  guides. 

The  cross-head  and  guides  prevent  the   oblique   thrust  or  pull  of 
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FIG.  302. 
the  connecting-rod  from  bending  the  piston-rod.     This  can  be   seen 
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by  reference  to  Fig.  301.  When  the  piston  is  being  impelled  forward 
so  that  the  rotation  of  the  crank-pin  is  clockwise,  then,  if  the  con- 
necting-rod makes  an  angle  6  with  the  centre  line  as  shown,  the 
resistance  at  the  crank-pin  C  causes  a  backward  thrust  Q  through  the 
connecting-rod,  which  may  be  resolved  into  two  forces,  one,  =  P, 
tending  to  compress  the  piston-rod,  and  the  other  acting  normally  to 
the  guid3S,  as  shown  by  T. 


Then  Q  =  VP2  +  Ta 
also  P  =  Q  cos  (9 
and  T  =  Q  sin  0 

Again,  when  the  piston  is  being  driven  in  the  opposite  direction 
by  the  steam,  the  resistance  of  the  crank-pin  causes,  a  downward  pull 

on  the  cross-head  end  of  the  pis- 
ton-rod, the  tendency  again  being 
to  cause  a  downward  thrust  upon 
the  guides. 

If  the  engines  are  made  to  ro- 
tate in  the  opposite  direction,  the 
conditions  will  be  reversed,  and 
the  thrust  T  will  be  always  up- 
wards for  both  strokes  of  the 
piston,  instead  of  downwards  as 
before. 

It  should  be  noticed,  also,  that 
when  the  crank-pin  drags  the 
piston  —  as  it  does,  for  example, 
when  steam  is  shut  off  while  the 
engine  continues  to  rotate  —  the 
direction  of  the  thrust  on  the 
guides  is  reversed  ;  hence  the  ne- 
cessity for  a  top  and  bottom 
guide-bar  under  all  circumstances. 
The  amount  of  thrust  on  the 
guide-bar,  that  is,  the  value  of  T 
in  Fig.  301,  varies  according  to 

FIG.  303.  the  angularity  6  of   the  connect- 

ing-rod, and  to  the  position  of  the 

point  of  cut-off  in  the  cylinder.  The  thrust  is  greatest  when  the 
crank  is  at  right  angles  to  the  axis  of  the  piston-rod,  providing 
cut-off  does  not  take  place  before  half-stroke,  and  is  reduced  to 
nothing  at  each  end  of  the  stroke  ;  hence  the  guide-bars  wear  hollow 
in  the  middle,  and  arrangements  should  be  made  for  removing  the 
guides  and  trueing  them  up. 

It  is  usually  important,  in  horizontal  engines,  that  the  engine  should 
rotate  in  the  direction  in  which  the  thrusts  of  the  cross-head  are 
taken  upon  the  bottom  guide-bar.  This  is  especially  so  for  the  sake 
of  efficient  lubrication. 

When    engines   are    required  to  rotate  in  either  direction  equally, 
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the  surtaces  in  contact  between  the  block  and  the  guide  are  made 
equally  large ;  but  when  the  engine  is  intended  to  rotate  always  in 
one  direction,  or  nearly  so,  as  in  the  marine  engine,  electric  light 


FIG.  304. 


engines,  and  mill  engines,  the  surface  on  which  the  thrust  comes  is 
made  sufficiently  large,  while  the  opposite  surface  may  be  much 
reduced,  as  in  the  case  with  the  slipper  or  shoe-guide  (Fig.  304),  the 
prevailing  direction  of  the  thrust  being  taken  on  the  largest  surface 
of  the  block. 

It  is  necessary  that  the  cross-head  should  overrun  the  guide  a  little 
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FIG.  305. 


at  the  end  of  the  stroke,  so  that  no  ridge  may  be  formed  by  wear, 
which  would  cause  trouble  if  any  slight  change  were  made  in  the 
length  of  the  connecting-rod  due  to  wear  or  adjustment  of  brasses. 
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Fig.  305  represents  one  of  the  most  used  types  of  cross-heads  and 
slide-blocks,  and  one  which  is  only  being  displaced  by  the  necessity 
of  differently  constructed  engine  frames  to  meet  the  greater  working 
stresses  due  to  high  steam-pressure  and  more  rapid  reciprocation  of 
moving  parts,  rather  than  by  any  inherent  defect  in  construction 
or  performance.  It  is  essentially  the  locomotive  pattern  of  twenty 
years  ago,  and  was  exclusively  used  for  large  fixed  engines.  The 
surfaces  in  contact  with  the  slide-bars  can  be  increased,  so  as  to  have 
very  low  working  pressures  without  unduly  increasing  the  cross-head 
and  gudgeon. 

Figs.  304  and  305  are  examples  of  what  might  be  termed  the 
marine  type  of  cross-head,  for  it  is  universally  used  with  the  slide-bar 
attached  to  the  back  standard  of  marine  engines.  The  head  is  forged 
solid  with  the  piston-rod.  The  slipper  is  made  adjustable,  and  can 
be  packed  out  from  the  head;  or  the  slide -bars  can  be  packed  up 
from  the  standards,  and  the  top  strips  let  down. 

Fig.  306.  This  cross-head  is  used  between  channel  slide-bars,  and 
also  in  the  Corliss  type  and  with  other  trunk  beds.  Adjustment  for 
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FIG.  306. 

wear  is  obtained  by  taking  out  the  liners  and  drawing  the  slippers 
up  the  inclined  faces.  The  cross-head  is  usually  made  in  cast  steel, 
and  the  slippers  are  cast  iron. 

Fig.  307  is  a  good  example  of  a  light  cross-head  suitable  for 
high-speed  engines.  The  wearing  surfaces  of  the  cross-head  are 
large  in  proportion  to  the  diameter  of  the  piston-rod.  The  gudgeon 
is  fitted  with  an  oil-box,  which  is  drop-fed  in  vertical  engines,  and 
wiper-fed  for  horizontal  engines.  The  gudgeon  is  cut  away  at  each 
side  so  as  to  form  a  relief  corresponding  to  the  recess  in  the  brasses, 
and  to  give  the  wearing  surfaces  an  over-run,  and  so  prevent  the 
formation  of  a  shoulder  when  the  gudgeon  wears. 

The  slippers  are  secured  by  studs,  which  are  riveted  on  the  wearing 
faces  and  suitably  filed  clear  so  as  not  to  have  contact  with  the 
slide -bars 

The  cone  attachment  of  the  gudgeon  is  a  good  feature,  and  makes 
a  very  solid  arrangement.  The  split  cone  allows  the  gudgeon  to  be 
always  held  true,  and  any  slack  to  be  taken  up  truly. 

The  sides  of  the  cross-head  are  prevented  from  closing  under  the 
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nip  of  the  gudgeon  nuts  by  projecting  nipples  on  the  slippers, 
slippers  can  be  adjusted  by  inserting  sheet-brass  when  necessary. 

The  best  designs  of  cross-heads  have  low  pressures  on  the  slipper 
face,  and  if  kept  below  40  Ibs.  per  square  inch,  adjustments  are  almost 
an  unnecessary  complication. 

The  pressure  on-  the  guide  surface  should  not  exceed  100  Ibs. 
per  square  inch  as  a  maximum.  The  maximum  pressure  on  the  cross- 
head  pin  should  not  exceed  1200  Ibs.  per  square  inch  of  diameter  x 
length. 


FIG.  307. 

The  Connecting-rod. — Figs.  308  to  311  show  designs  for  a  connect- 
ing-rod of  the  marine  type.  This  design  is  also  largely  used  for  land 
engines,  both  horizontal  and  vertical. 

The  weight  of  this  type  of  connecting-rod  is  less  than  that  of  other 
types  suitable  for  the  same  size  of  crank-pin.  It  is  especially  suitable 
for  high-speed  engines,  on  account  of  the  smaller  amount  of  crank- 
balance  required. 

The  interspace  between   the   cap   and   body   of   the   large   end   is 
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usually  fitted  with  brass  fillers,  as  shown  at  A,  Fig.  310  ;  the  fillers 
are  retained  in  place  by  small  studs  as  shown,  and  they  can  be 

withdrawn  when  the  rod- 
end  requires  adjustment 
by  slacking  out  the  main 
nuts  and  lifting  the  fillers 
off  the  studs  without  re- 
moving the  studs.  This 
saves  taking  down  the 
whole  of  the  large  end, 
and  effects  a  great  saving 
of  the  time  required  to 
adjust  the  brasses. 

All  brasses  forming  a 
semicircle  tend  to  close 
upon  the  pin  when 
heated,  unless  forcibly 
prevented.  In  this  de- 
sign the  brasses  are  held 
in  place  by  side  screws 
and  by  the  packing  be- 
tween the  brasses. 

In  order  to  further 
minimize  the  risk  of  clo- 
sure of  brasses  upon  the 
pin,  it  is  usual  to  cast 
or  cut  away  recesses,  as 
shown  at  c,  Fig.  309. 
The  surface  need  not  be 
cut  away  through  the 
FIG.  308.  whole  length  of  the  bear- 

ing, for  the  oil  is  retained 

better  if  the  recess  is  stopped  at  each  end  about  \  to  \  in.  from  the 
beginning  of  the  radius  of  the  crank-pin  junction  with  the  crank- 
webs. 

In  large  end  connecting-rod  brasses  for  6-in.  crank-pins  and 
upwards,  babbit  metal  strips  are  fitted  in  slotted  recesses,  as  shown 
in  Fig.  308.  The  surface  of  the  babbit  strips  is  usually  left  projecting 
55-  in.  above  the  surface  of  the  brass.  The  bolts  bear  on  each  side  of 
the  brasses,  and  are  usually  relied  upon  to  prevent  the  brasses  from 
turning  when  the  packing  pieces  are  filed  thin. 

Fig.  312  shows  a  fork-ended  connecting-rod  with  outside  bearings 
for  attachment  to  a  solid  cross-head.  It  was  a  type  largely  used 
some  years  ago  on  Lancashire  mill  engines,  but  is  now  largely  dis- 
placed by  more  direct  and  less  expensive  forms  of  connecting-rods. 
The  higher  speeds  and  pressures  of  to-day  necessitate  the  line  of 
pressure  between  cylinder  and  crank-pin  being  maintained  as  nearly 
in  a  straight  line  as  possible,  hence  the  success  of  the  single-piston 
rod-brass  as  against  the  double  set  of  brasses  of  the  forked  connecting- 
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rod,  with  the  flat  beds  and  wide- spreading  gudgeons  of  some  years 
ago.  In  the  latter  type  it  is  almost  impossible  to  maintain  the 
perfect  alignment  of  the  connecting-rod,  and  if  the  brasses  on  both 
sides  are  not  adjusted  exactly  similarly,  the  work  is  liable  to  be  done 
on  one  side  of  the  fork  only,  in  which  case  fracture  at  the  root  of 
the  fork  may  occur. 


FIG.  309. 

Fig.  313  is  an  example  of  the  best  type  of  forked  connecting-rod 
end,  and  is  used  in  conjunction  with  Fig.  311.  Great  care  must  be 
exercised  in  forging  this  type  of  rod  end,  so  that  the  grain  of  the  iron 
follows  the  jaw.  If  the  grain  crosses  the  forked  part  of  the  rod  end, 
flaws  are  often  developed,  and  in  view  of  this  it  is  well  to  allow  a 
little  greater  factor  of  safety  at  these  points. 

Fig.  314  shows  a  connecting-rod  suitable  for  10"  X  10"  X  16"  double- 
cylinder  portable  engine.  The  large  end  is  a  simple  form  of  strap 
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type   connecting-rod.      The  taper    cotter    is    used   for    adjustment   in 
conjunction    with     an    equal- 
taper     gib,    which    holds    the 
end  of  the  strap  and  prevents 
it  from  opening. 

The  gib  and  cotter  together 
form  a  parallel  couple,  and 
in  adjustment  maintain  the 
alignment  of  the  connecting- 
rod.  Two  gibs  are  some- 
times used,  one  on  each  side 
of  the  cotter,  the  taper  on 
the  cotter  in  this  case  being 
halved,  and  the  gibs  being 
made  with  the  same  taper. 
For  very  high  speeds  the 
strap  type  is  not  so  good  as 
the  marine  type,  for  it  has 
a  tendency  to  bend  under  the 
throw  of  the  connecting-rod, 
and,  so  opening  out,  to  leave 
the  brasses  a  slack  fit.  When 
the  strap  type  is  used  the  strap 
must  be  made  extra  strong,  as 
in  the  locomotive  connecting- 
rod,  Fig.  315.  The  small  end  FIG>  313. 
of  the  connecting-rod  is  solid, 
and  suitable  for  trunk  guides.  The  adjustment  is  by  a  fine- threaded 


FIG.  314. 
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FIG.  315. 


FIG.  316. 
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screw,  and  is  satisfactory  for  small  engines,  but  not  suitable  for  very 
great  pressures,  owing  to  the  small  area  of  the  thread  on  the  screw. 
The  thread  must  be 
a    fine    vee    thread, 
to  prevent  slacking 
out    under    the   re- 
peated loadings. 

The  brasses  in  all 
these  examples  are 
shown  close-fitting 
at  the  joint,  or,  as 
it  is  usually  termed, 
metal  to  metal. 

In  cheaper  classes 
of  machinery  it  is 
usual  to  machine 
the  brasses  solid, 
and  when  they  are 
fitted,  to  part  them 
with  a  narrow  tool, 
and  fill  the  space 
with  wood  or  leather 
strips. 

Fig.  315  shows  a 
locomotive  connect- 
ing-rod   end  of   the  FIGi  3^ 
strap  type.     It  will 

be  noticed  that  the  end  is  proportionately  much  stronger  than  the 
preceding  example,  and  is  the  outcome  of  locomotive  experience  in 
actual  working.  The  surfaces  of  the  brass  are  recessed,  and  the 
recesses  are  filled  with  babbit  metal.  The  inner  surface  of  the  bear- 
ing is  radiused  to  suit  the  crank-pin,  which  is  made  of  a  gradually 
reducing  section  to  avoid  sudden  changes  of  section. 

Figs.  316,  317,  and  318  show  designs  for  the  large  end  of  a  con- 
necting-rod suitable  for  engines  having  overhung  crank-pins,  as  in 
the  disc  type. 

The  adjustment  can  be  placed  at  the  inner  or  outer  end  of  the 
brass,  so  as  to  give  adjustment  in  either  direction.  All  connecting- 
rods  should  be  designed  so  that  the  large  and  small  end  adjust- 
ments act  in  the  same  direction,  and  thus  practically  maintain  the 
centres  of  the  crank-pin  and  gudgeon  at  a  constant  distance.  When 
the  cylinder  clearances  are  cut  down  to  \  in.  or  ~  in.,  the  length 
of  connecting-rod  must  remain  approximately  constant.  When 
connecting-rods  (Figs.  316,  317,  and  318)  are  used,  the  crank -pin 
is  fitted  with  a  loose  cap,  having  a  nipple  going  into  the  recess 
in  crank,  and  held  in  place  by  studs  and  nuts.  The  connecting-rod 
end  is  put  together  complete  and  passed  sideways  into  the  crank-pin, 
and  the  cap  then  put  on  the  end  of  the  pin. 

A  great  advantage  is  obtained  in  having  the  connecting-rod  made 
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FIG.  318. 

all  in  one  piece,  without  loose 
attachments,  such  as  caps,  straps, 
etc.,  for  should  the  adjusting 
pieces  slack  back  or  fly  out,  the 
connecting-rod  cannot  get  adrift 
entirely. 

Fig.  319  gives  a  design  of  a 
large  end  for  the  connecting- 
rod  used  on  the  inside  crank 
of  the  Webb  Compound  loco- 
motive, and  competes  closely 
with  the  marine  type  connect- 
ing-rod end  for  general  adap- 
tability and  lightness. 
—  Fig.  320  is  the  large  end 
of  the  connecting-rod  for  Sis- 
son's  high-speed  double-acting 
engine,  showing  a  spring  self- 
adjustment,  keeping  the  brasses 
always  up  to  their  work,  and 
enabling  the  rod  to  yield  in  cases  of  accidental  heating. 

Main    Bearings.— The   main    bearings    carry    the    crank-shaft,    and 


FIG.  319. 
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through  them  the  stresses  due  to  the  steam-pressures  on  the  piston 
are  transmitted  to  the  engine  framing. 


FIG.  320. 

It  is  important  that  the  main  bearings  should  be  set  so  as  to 
maintain  the  true  alignment  of  the  crank-shaft,  and  they  must  be 
so  fitted  that  when  wear  occurs  the  brasses  may  be  readily  removed 
and  adjusted  to  prevent  distortion  of  the  shaft. 

For  large  main  bearings,  such  as  are  used  in  marine  work,  the 
bottom  brass  of  the  main  bearing  is  preferably  made  concentric  with 
the  shaft,  so  that  it  may  be  revolved  round  the  shaft  and  removed 
without  taking  out  the  crank-shaft. 

To  prevent  heating  of  bearings,  it  is  important  that  the  bearing 
surface  should  be  sufficient  to  prevent  undue  load,  p,  per  square  inch 
of  bearing  surface,  reckoned  normal  to  the  load,  namely,  =  diameter 
of  journal  X  length  of  bearing.     The  pres- 
sure on  main  bearings  varies  from  600  Ibs. 
per  square  inch  for  slow  engines,  to  400  Ibs. 
for  quick-revolution  engines  (Unwin). 

The  nature  of  the  material  of  the  bearing 
has  much  to  do  with  its  satisfactory  work- 
ing. The  "  brasses  "  should  be  made  of  a 
metal  which  will  easily  stand  a  pressure  per 
square  inch  greater  than  that  likely  to  be 
brought  upon  the  bearing ;  at  the  same  time 
it  should  be  a  comparatively  soft  metal,  so 
as  to  reduce  the  possibility  of  injury  to  the 
shaft  by  heating  and  seizing  of  the  shaft 
and  bearing. 

According  to  experiments  made  by  Mr.  J.  Dewrance,  he  concludes 
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that  "  the  oil  should  be  introduced  into  a  bearing  at  the  point  that 
has  to  support  the  least  load,  and  an  escape  should  not  be  provided 
for  it  at  the  part  that  has  to  bear  the  greatest  load." 


"  The  proper  point  to  introduce  the  oil  is  just  above  the  joint  of 
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the  bearing  at  the  side  (Fig.  321).  There  the  oil  is  distributed  over 
the  shaft  and  carried  to  the  point  of  greatest  pressure.  ...  It  is 
desirable  that  each  half-bearing  should  have  its  own  supply  of  oil."  l 

Fig.  322  is  a  good  example  of  a  main  bearing  as  used  on  high-class 
fixed  engines. 

The  main  frame  of  the  engine  can  be  cast  solid  with,  or  jointed 
to,  the  main  bearing  as  shown.  The  bearing  is  fitted  with  Babbit 
metal  in  suitable  recesses,  care  being  taken  that  no  part  of  the 
cast-iron  shell  is  in  contact  with  the  shaft. 

The  bearing  is  in  four  parts,  and  is  fitted  with  two  wedges  at  each 
side,  which  permits  of  a  ready  adjustment  of  the  bearing  after  wear. 

The  cap  is  clipped  over  the  upstanding  jaws  of  the  main  pedestal, 
and  when  bolted  down  it  makes  practically  a  solid  eye,  in  which 
the  main  bearing  is  gripped. 

The  bearing  is  lubricated  by  sight-feed  lubricators.  In  large 
bearings  the  cap  is  usually  cored  out  so  as  to  form  a  tallow-box, 
and  the  lubricators  are  attached  to  a  cover,  which  can  be  easily  removed 
if  desired  to  inspect  the  bearing  while  the  engine  is  in  motion. 

Engine  Frames  (Fig.  323). — In  designing  the  frame  of  an  engine, 
care  is  taken  to  distribute  the  material  so  as  best  to  deal  with  the 
stresses  transmitted  from  the  piston  to  the  crank-pin. 

Formerly  in  horizontal  engines  the  cylinder-guides  and  main 
bearings  were  bolted  separately  on  the  bed,  which  was  itself  out  of 
the  line  of  stress,  and  was  subject  to  a  bending  action  at  each  stroke 
of  the  engine.  The  modern  engine  frame  is  designed  with  more 
regard  to  the  work  it  has  to  do,  taking  the  stresses  as  direct  as 
possible  and  more  nearly  in  the  centre  line  of  the  frame.  Figs.  323, 
324  are  details  of  the  engine-bed  for  a  horizontal  mill  engine. 


FIG.  324. 


In  vertical  engines,  especially  for  the  navy,  the  dimensions  and 
weight  of  the  engine  framing  have  been  greatly  reduced  compared 
with  the  older  class  of  engines  (see  the  chapter  on  'rThe  Marine 
Engine  ").  This  has  been  possible  by  the  introduction  of  a  high  quality 
of  steel  and  steel  castings  in  the  place  of  wrought  iron  and  cast  iron. 

1  Proceedings  Inst.  C.E.,  vol.  cxxv.  p.  359. 
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FRICTION  OF  ENGINES. 

IF  an  indicator  diagram  be  taken  when  there  is  no  load  on  the  engine, 
an  attenuated  diagram  will  be  obtained,  enclosing  a  work-area 
representing  the  work  required  to  drive  the  engine  itself  against 
its  own  friction. 

From  experiments  made  by  Dr.  Thurston,  it  was  shown  that,  under 
usual  conditions,  and  at  all  ordinary  speeds  and  steam-pressures,  the 
friction  of  the  engine  remains  practically  constant,  and  that  the 
friction-card  of  the  engine  when  unloaded  represents  also  the  friction 
of  the  engine  when  fully  loaded. 

These  conclusions  have  been  frequently  confirmed,  and  the 
following  diagram  giving  the  results  of  trials  of  a  compound  "Willans 
engine  illustrates  the  same  fact,  namely,  that  there  is  practically  a. 
constant  or  a  nearly  constant  difference  at  all  loads  between  the  I.H,P. 
and  the  B.H.P.  of  an  engine. 
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The  mechanical-efficiency  curve  is  drawn  for  any  engine  by  taking 
the  value  of  B.H.P.  -j-  I.H.P.  for  various  mean  pressures,  and  setting 
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up  the  value  of  the  fraction  to  a  vertical  scale  of  percentage.  By 
joining  the  points  thus  found  the  curve  is  obtained. 

From  Fig.  325,  we  see  that  at  a  mean  pressure  of  9  Ibs.  per  square 
inch  (referred  to  the  L.P.  piston)  the  efficiency  was  only  50  per  cent., 
while  at  50  Ibs.  mean  pressure  the  efficiency  was  93  per  cent. 

It  will  thus  be  evident  that,  so  far  as  the  mechanical  efficiency 
is  concerned,  an  engine  should  be  worked  up  to  its  full  load  to  obtain 
the  maximum  efficiency.  The  friction  of  an  engine  does,  no  doubt, 
to  some  extent  increase  with  the  load,  but  the  proportional  increase 
is  so  small  as  practically  not  to  affect  the  result.  The  above  remarks 
assume  perfect  efficiency  of  lubrication. 

Dr.  Thurston  gives  the  following  values  for  the  relative  distribution 
of  the  friction  in  an  engine  with  a  balanced  slide-valve :  Main 
bearings,  47 '0  per  cent. ;  piston  and  rod,  32 '9 ;  crank-pin  648  ;  cross- 
head  and  wrist-pin,  5 -4;  valve  and  rod,  2*5;  and  eccentric-strap, 
5-3  per  cent. 

The  frictional  resistance  of  engines  in  general  varies  from  about 
8  per  cent,  to  20  per  cent,  of  the  full  power. 

Mr.  M.  Longridge  estimates  that  the  total  internal  frictional  resist- 
ance in  driving  the  engine  itself  unloaded  is  equal  to  a  pressure  varying 
from  2  Ibs.  to  3|  Ibs.  per  square  inch  of  low-pressure-piston  area. 


CHAPTER  XIX. 

BALANCING    THE   ENGINE. 

SINCE  the  introduction  of  high  rotational  speeds,  the  question  of  the 
balancing  of  engines  to  prevent  vibration  has  been  much  con- 
sidered. 

If  the  moving  parts  of  an  engine  could  be  perfectly  balanced,  then 
the  engine,  if  suspended,  could  be  made  to  rotate  in  mid-air  without 
any  motion  due  to  inertia  of  the  moving  parts.  But  ordinary  engines 
are  far  from  being  perfectly  balanced,  and  the  inertia  of  the  moving 
parts  of  high-speed  engines  causes  large  and  rapidly  varying  stresses 
in  the  frame  and  foundation  of  the  engine. 

By  the  application,  however,  of  properly  placed  and  properly 
proportioned  balance-weights,  combined  with  care  in  the  general 
design,  much  can  be  done  to  reduce  vibration  to  a  minimum. 

Effect  of  Inertia  of  Reciprocating  Parts. — Considering  first  the 
effects  on  vibration  of  the  inertia  of  the  reciprocating  parts. 

In  Fig.  326,  suppose  the  piston  to  be  at  the  end  A  of  the  stroke, 
and  the  crank  to  be  on  the  dead  centre  ;  then  if  steam  be  admitted, 


FIG.  326. 

and  the  total  force  on  the  piston  is  equal  to  4000  Ibs.,  this  force  acts 
pressing  on  the  cylinder-cover  and  piston  equally.  There  is  then 
a  stress  of  4000  Ibs.  acting  in  the  bed-plate,  the  pressure  on  the  cover 
pressing  the  engine  to  the  left,  and  the  pressure  on  the  piston 
pressing  the  engine  to  the  right,  acting  through  the  crank  on  the 
main  bearing.  The  forces  are  equal  and  opposite,  and  cause  a  stress 
in  the  engine,  but  do  not  tend  to  move  it  upon  its  foundation. 
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But  when  the  piston  moves,  part  of  the  steam-pressure  acting 
on  the  piston  will  be  absorbed  (as  we  have  previously  seen)  in 
accelerating  the  piston  and  the  other  reciprocating  parts,  and  will 
not  be  felt  on  the  crank-pin.  Suppose  that  the  amount  of  such 
pressure  absorbed  is  500  Ibs. ;  then  we  have  4000  Ibs.  acting  on  the 
cylinder-cover,  pressing  the  engine  in  one  direction,  and  4000  — 
500  =  3500  Ibs.  pressing  against  the  crank-pin  in  the  opposite 
direction,  making  a  net  stress  in  the  bed-plate  of  3500  Ibs.,  and  a 
further  pressure  of  500  Ibs.  tending  to  press  the  engine  to  the  left. 

The  difference  between  the  pressure  on  the  cylinder-cover  in  one 
direction,  and  the  pressure  on  the  crank-pin  in  the  opposite  direction, 
gradually  diminishes  up  to  about  half -stroke — depending  on  the 
length  of  the  connecting-rod — where  it  becomes  zero,  and  beyond 
this  point  the  force  is  in  the  opposite  sense,  owing  to  retardation  of 
the  reciprocating  parts ;  and  the  tendency  now  is  to  push  the  engine 
to  the  right,  owing  to  excess  of  pressure  on  the  crank,  the  difference 
gradually  increasing  to  the  end  of  the  stroke. 

On  the  return  stroke  the  excess  of  pressure  on  the  bed  owing  to 
the  acceleration  of  the  piston  is  still  towards  the  right,  and  remains 
so,  though  to  a  gradually  decreasing  extent,  to  mid-stroke,  when  the 
force  again  changes  in  sense,  gradually  increasing  to  a  maximum  to 
end  of  stroke.  These  effects  are  clearly  shown  by  the  diagrams 
which  follow. 

The  effect  of  compression  or  cushioning  of  the  steam  in  the  cylinder 
during  the  retardation  of  the  reciprocating  parts  is  to  remove  the 
retarding  force  (acting  as  driving  force)  from  the  crank-pin  and 
transfer  it  to  the  cylinder,  where  we  now  have,  however,  the  same 
net  result  on  the  engine  frame,  only  the  stress  is  applied  to  the 
cylinder-cover  instead  of  to  the  crank-pin.  In  this  way  the  stress 
due  to  retardation  is  removed  from  the  crank-pin  at  a  time  when  the 
force  so  acting  is  not  acting  as  turning  effect,  and  the  work  of 
retardation  is  stored  up  instead  in  the  compressed  steam  ready  to  act 
on  the  piston  during  the  return  stroke. 

Effect  of  Unbalanced  Rotating  Parts.— A  further  cause  of  tendency 
to  rocking  of  the  engine  and  vibration  of  the  foundations  is  the 

centrifugal  force  of  the  rotating 
parts  acting  at  the  main  bear- 
ings, consisting  of  the  un- 
balanced portions  of  the  crank- 
shaft itself,  and  including  a 
portion  of  the  weight  of  the 
connecting-rod. 

Dealing  first  with  the  crank- 
shaft  itself,    the   extent   of   the 

W 

.    FIG.  327.  centrifugal  force  =  — w2r,  where 

r  =  radius   in   feet  of   centre  of   gravity  of   unbalanced  parts  about 
axis  of  rotation,  <o  =  velocity  in  radians  per  second. 

To  take  an  actual  example,  Fig.  327  is  a  sketch  of  a  small  crank. 
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Weight  of  one  arm,  in- 1  =    (ga      Q.78)  +  (6  x  8)}  2  x  0'28  Ibs. 
eluding  holes  as  solid  j 

=  55  Ibs. 

Weight  of  two  arms  =  110  Ibs. 

Weight  of  pin  enclosed  by  \  _  (A?      0.7ft       ^  v  n.oo  IUR 
end  of  connecting-rod     \~ 

=  17-6  Ibs. 

To  find  centre  of  gravity  x  of  unbalanced  portion  of  crank 
(Fig.  328)- 

(110  X  3)  +  (17-6  X  6)  =  127-6  X  x 
x  =  3'4  inches 

Referring  this  to  the  crank-pin,  that  is,  finding  the  equivalent 
weight  (x)  acting  at  a  radius  of  rotation  equal  to  that  of  the  crank- 
pin — 

127-6  X  3-4  =  x  X  6 

x  =  72-3  Ibs. 

The  centrifugal  force  F  acting  on  engine  bed  at  three  hundred 
revolutions 

72-3    ? 
=  ~32Wr 
72-3 


'    32    ' 
=  11 14  Ibs. 


60  j 


| 
* 


Secondly,  if  a  portion  of  the  mass  of  the  connecting-rod  be  con- 
sidered as  concentrated  at  the  centre  of  the  crank-pin,  then  the  total 
centrifugal  force  is  increased  in  direct  pro- 
portion to  the  increase  of  mass.  k  --------  6* 

The   forces    producing    the    effects   above  j^  "3 

referred  to  may  be  approximately  balanced,  ^  ___  g  ____  *i 
so  far  as    concerns  the  stresses    parallel   to  !  JL  J 

the  line  of  stroke,  by   addition  of   rotating  • 

counterbalancing   masses,   so   arranged  that 

the  forces    set  up  by  them  during  rotation  are  together  equal  and 
opposite  in  their  effects  to  the  forces  they  are  intended  to  balance. 

The  balance  cannot 
be  obtained  by  means 
of  a  single  mass,  be- 
cause it  could  not  be 
placed  directly  opposite 
the  centre  of  the  crank- 
pin,  and  if  the  balanc- 
ing mass  is  not  in  the 
plane  of  the  force  to 
be  balanced,  an  un- 


balanced couple  is  pro- 
duced which  itself  sets 
up  vibration  on  a  plane 
at  right  angles  to  that  of  the  original  force. 


!«•— a * -6 
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This  difficulty  is  overcome  by  dividing  the  balancing  mass  and 
distributing  it  on  each  side  of  the  crank  in  accordance  with  the 
following  principles : — 

The  extent  to  which  balancing  masses  should  be  added  depends  upon 
circumstances,  to  be  more  fully  considered  presently  ;  but  suppose  it 
is  decided  to  balance  the  mass  W15  which  is  equivalent  to  the  follow- 
ing masses,  all  supposed  to  be  concentrated  at  the  crank-pin  and  to 
rotate  at  the  crank  radius,  namely,  unbalanced  part  of  crank- webs  + 
crank-pin  -f-  a  proportion  (say  80  per  cent.)  of  the  mass  of  the  connect- 
ing-rod -}-  half  mass  of  reciprocating  parts. 

Let  balancing  masses  W2  and  W3  be  placed  on  the  wheel  rims, 
opposite  the  crank,  so  that — 

W^  =  W2r2  +  W3r, 

This  secures  a  balance  of  the  centrifugal  forces ;  also — 
Wor2  x  a  =  W3r8  X  I 

This  prevents  the  formation  of  a   couple  tending  to  turn  the  engine 
about  an  axis  in  a  plane  at  right  angles  to  the  engine-shaft. 

For  the  case  of  a  two  crank-engine,  as  a  locomotive  (Fig.  330),  the 

same  principles  are  ap- 
plied. Thus,  let  W 
and  W"  (Fig.  331)  re- 
present the  mass  at  the 
respective  crank-pins 
requiring  to  be  ba- 
lanced. Then,  taking 
each  crank  separately, 
the  two  balancing 
masses  w.2  and  w3  are 
placed  in  the  wheels 
so  that  "WV  =  iCjTa  +  wjr, ,  also  so  that  warza  =  w9rjb. 

It  will  be  seen  from  the  last  equation  that  the  heaviest  balancing 
mass  is  placed  in  the  wheel  nearest  to  the  crank  to  be  balanced. 

Similarly,  balancing  masses  w4  and  ws  will  be  placed  one  in  each 
wheel  respectively,  and  opposite  to  the  mass  W",  and  these  weights 
are  proportioned  as  already  explained.  Thus  in  each  wheel  there 
are  two  balancing  masses,  the  heavier  belonging  to  the  near  crank,  and 
the  lighter  to  the  far  crank. 

Instead  of  having  two  separate  masses  in  one  wheel,  a  single  resultant 
mass  may  be  substituted.  Thus,  suppose  that  in  an  actual  example 
the  large  mass  required  is  252  Ibs.,  and  the  small  mass  92  Ibs.,  then 
the  resultant  mass  is  found  graphically  as  shown  in  Fig.  332,  both  in 
magnitude  and  direction,  and — 

R2  =  (252)2  +  (92V 
K  =  268  Ibs. 

As  a  design  which  reduces  the  necessity  for  counterbalancing 
masses  in  the  wheels  of  the  locomotive,  may  be  mentioned  that  for 
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the    Glasgow    and    South-Eastern    Railway    by    Mr.    Manson,    which 


Two 


252  IBS. 

FIG.  332. 


FIG.  331. 

consists  of  four  high-pressure  cylinders  all  working  on  one  axle. 

placed  inside  under  the  smoke-box,  driving  on  the 

cranked  axle,  and  two  outside,  driving  on  crank-  22 

pins  on  the  driving-wheels.     On  each  side  the  out-  ri 

side  crank  is  opposite  the  inside  crank,  so  that  the 

reciprocating  masses  balance  each  other  (except  for 

the  effect  of  the  shortness  of  the  connecting-rod). 

Diagrams  of  Unbalanced  Forces  for  a  Single-crank  Engine.1  —  The 
following  diagrams  illustrate  the  means  of  representing  by  a  curve 
the  direction  and  magnitude  of  the  forces  acting  on  the  engine-bed 
of  a  single-crank  engine. 

1.  The  centrifugal  force  due  to  the  rotation  of  the  unbalanced 
portion  of  the  crank-shaft  :  — 

Draw  a  circle  from  centre  A  with  radius  AB  (Fig.  333),  the  length 
of  AB  representing  to  scale  the  centrifugal  force  due  to  the  mi- 

Tir 

balanced  portion  of  the  crank-shaft  itself  =  —  wV,  where  W  =  weight 

of  unbalanced   portion    of    crank-shaft   referred   to    crank-pin,   and 
r  =  radius  of  crank-pin  path  in  feet. 

Taking  the  same  values  for  W  and  r  as  are  given  for  Fig.  327,  then  — 


W 

Length  of  AB  =  —  o>2r 

72-3 


32 
=  1114 


(27r  X  300)2 
~~W~ 


1  See  also  "Graphic  Methods  of  Engine  Design,"  by  A.  H.  Barker. 
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This  length  is  then  measured  from  the  scale    shown  by  the  side  of 
the  figure,  and  the  circle  through  B  is  drawn.     The  numbers  marked 

on  this  circle  represent 
the  several  positions  of 
the  crank-pin  during 
its  rotation  about  centre 
A.  It  is  important  that 
these  figures  should  be 
marked  on  the  draw- 
ing, in  order  to  follow 
the  operation  clearly. 

2.  The  force  required 
to  accelerate  the  con- 
riecting-rod  may  be  esti- 
mated by  a  separate 
construction ;  but  it  is 
convenient  in  practice 
to  consider  part  of  the 
connecting-rod  as  con- 
centrated at  the  crank- 
pin,  causing  a  propor- 
tional increase  of  cen- 
trifugal force  in  the 
crank,  and  part  at  the 
cross-head,  as  addition 
to  the  mass  of  the  reci- 
procating parts.  The 
proportional  distribu- 
tion of  the  weight  of 
the  connecting-rod  is 
determined  by  finding 
the  centre  of  gravity, 
G,  of  the  rod,  as  at  Fig. 
334,  and  dividing  the 

GP 
mass  so   that   M-^p  is 


1000 


2000 


3000 


4000  u 


FIG.  333. 


centred  at  the  crank-pin,  and  M™  at  the  cross-head.1 

In  accordance  with  this  method,  a  distance  BO,  Fig.  333,  is  set  off 
from  B  equal  to  the  centrifugal  force  of  the  added  weight  =  —  w2r, 

OP 

where   W  =  ^  of  the   mass   of  the   connecting-rod,   and  r  =  the 

crank-pin  radius  in  feet. 

Thus,  for  the  engine  under  consideration  the  mass  of  the  con- 
necting-rod =  80  Ibs.,  and  (Fig.  334)  if  ^?  =  0-8,  then  80  x  0-8  = 
64  Ibs  ;  also,  since  N=  300  revolutions  per  minute — 
1  Effects  of  gravity  are  neglected. 
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W  .        64 


FIG.  334. 


=  length  of  BC  to  scale 

and  the  circle  of  radius  AC  (Fig.  333)  is  drawn  representing  the 
total  constant  centrifugal  force  acting  through  the  crank  and  in  the 
direction  of  the  crank  on  the  main  bearing. 

3.  The  force  required  to  accelerate  the  reciprocating  parts  of  the 
engine  is  represented  for  crank  position  AB  (Fig.  333)  by  the  vertical 
line    CD,    and    the    vertical 
lines   throughout    the   figure  s'      -Sv»L_  G 

beyond    the   circle    through         / 
C    represent   this    force    for    _(. — 
the  various    crank -pin    posi-        V 
tions  during  a  complete  re-          V 
volution,  being   a  maximum 
at  crank  positions  0  and  6, 
and  zero  at  or  near  crank  positions  3  and  9  depending  on  the  length 
of  the  connecting-rod. 

To  obtain  the  value  of  this  fores  CD  for  any  position  AB  of  the 
crank,  the  construction  due  to  Klein,  and  published  in  the  Journal 
of  the  Franklin  Institute,  vol. 
132,  September,  1891,  is  very 
convenient.  Thus,  if  OC  (Fig. 
335)  =  the  position  of  the 
crank,  and  CP  =  that  of  the 
connecting-rod,  then,  if  OC 
represents  to  scale  the  radial 
acceleration  of  the  crank-pin 
C  =  <o2r,  the  acceleration  of 
the  reciprocating  mass  at  P 
is  obtained  by  the  follow- 
ing construction :  Produce 
PC  to  meet  the  perpendicular 
through  O  in  N ;  draw  a  circle  on  PC  as  diameter ;  with  centre 
C  and  CN  as  radius,  draw  a  circle  to  cut  the  circle  on  PC  in  BB, 
and  produce  if  necessary  the  line  BB  to  cut  OP  in  E.  Then  OE 
represents  the  acceleration  of  P  to  the  same  scale  as  OC  represents 
the  radial  acceleration  of  C.  To  find  the  length  of  CD,  Fig.  333, 
by  the  scale  of  force  for  position  AB  of  the  crank — 

Let  mass  of  reciprocating  parts,  includ-  )  _  iog  iv. 
ing  20  per  cent,  of  connecting-rod       j 

Force  to  accelerate  reciprocating  parts  =  —  ( 1-rr— -  )  r  X  ~-^ 

g    \      607  (JL> 

=  22181bs. 

=  CD  (Fig.  333) 

In  the  same  way  this  force  may  be  calculated  for  all  points  of  the 
crank-pin    path,    taking    in    each    case     the    respective    values    for 


FIG.  335. 
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OE  -f-  OC  obtained  by  Klein's  method.     In  Fig.   336  the  diagram  is 
drawn   for   another   position   of    the   crank.      The   reference   letters 


/ 

p                        / 

'w     ^ 

\       E 

\ 

s 

/\  / 

FIG.  336. 


/B 


FIG.  337. 


t 


are  common  to  both  figures.  When  the  crank  is  on  the  dead  centre, 
the  construction  becomes  as  shown  in  Fig.  337. 

If  the  respective  values  of  OE  at  various  positions  of  the  piston 

.  stroke  are  set  off  above  and  below 

-jB  a  horizontal  base,  as  at  OE'  (Fig. 
338),  then  a  curve  AB  of  accelera- 
tion of  reciprocating  parts  is  ob- 
tained, which  is  the  same  as  that 
already  described  on  p.  242. 

An  algebraic  expression  which  is 
very  nearly  exact  for  the  force  accelerating  the  piston  is — 

W       /  1 

— <oV     cos  0  +  -  cos  20 
g        \  n 

in  which  n  is  the  ratio  of  the  length  of  the  connecting-rod  to  the 
crank  radius,  and  0  is  the  angle  turned  through  by  the  crank-shaft 
measured  from  the  inner  dead  centre. 

Applying  this  formula  to  find  the  length  CD  (Fig.  333)  when  the 
crank  is  at  30°— 

Acceleration  at  30°  =  (  cos  30°  +  -  cos  60°  )  wV 
V  n  / 


=  O977(oV 
Then  CD  =—  o>V  X  0'977 


Prof.  Dunkerley  gives  ]   the  following  useful  geometrical  construc- 
tion exemplifying  this  formula  :  — 

Let  the  outer  circle  (Fig.  339  be  drawn  to  scale,  with  radius  AB 

W 

=  r,  and  let  this  represent  to  a  force  scale  —  wV,  where  W  =  weight 

1  Engineering,  June  2,  1899. 
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of  the  reciprocating  parts.     Draw  two  small  circles  touching  at  the 
centre  A,  having  their  diameters  along 
the   line   of   stroke,   and   so  that   their 

radius  AE  =  -  times  the  crank  radius. 
n 

Then  angle  GEF  =  2(angle  GAE) 

=  20 
and  CD  is  made  =  EF 

r  .(  cos  0  +  -  cos  20  }  =  AC  +  EF  =  AD 
\  n  / 


that  is,  the  force  of  acceleration  of  the 
reciprocating  parts  for  any  crank  position 

W  AD 

B  =  — coV  x         =  AD  to  the  force  scale.  FIG.  339 

0  AB 

Mr.   J.   W.   Kershaw  gives   the    following    convenient   geometrical 
construction  for  obtaining  six  points  in  the  curve  (Fig.  340) : — 


FIG.  340. 

The   inertia   line    CD    is    first    drawn   in   the   usual    way   for   the 

W 

infinitely  long  connecting-rod,  making  AD  =  BC  =  —  o>2r. 

Points  E  and  F  in  the  curve  are  obtained  by  making  DE  =  CF 
=  -AD,  where  n  =  ratio  of  connecting-rod  to  crank  radius  =  3  :  1  in 

this  case. 

To  find  two  more  points,  namely,  for  positions  45°  and  135°  of  the 
crank :  first  find  the  piston  position  R  for  crank  at  45°  with  an 
infinite  connecting-rod — that  is,  make  KR  =  ON ;  then  find  true 
position  H  of  piston  with  short  connecting-rod — that  is,  make 
PH  =  OK.  But  force  due  to  inertia  at  R  for  infinite  connecting- 
rod  is  known,  and  is  equal  to  RT.  Draw  a  perpendicular  from  H, 
and  make  HS  =  RT ;  then  S  is  a  point  in  the  curve.  The  same 
construction  is  followed  to  find  S'. 

Point  S"  is  obtained   by  drawing  crank   position  OP"  at  90°,  and 
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finding  corresponding  piston  position  H''  for  short  connecting-rod ; 
then  draw  H"S"  perpendicular  to  AB,  making  H"S"  =  ED. 

The  point  Y  is  obtained  as  in  Fig.  283. 

Then  the  six  points  E,  S,  Y,  S",  S',  F  are  found,  and  a  free  curve  is 
drawn  through  them. 

Then  for  any  crank  position  F,  P",  P,  etc.,  the  force  due  to  inertia  is 
obtained  by  measuring  the  height  HS  for  the  corresponding  piston 

position  H,  and  finding  the  value  of  — o>2r  X  -j^. 

The  proof  of  this  construction  for  the  positions  of  points  S,  S",  S' 
respectively  is  as  follows  :  Using  for  the  force  F  due  to  inertia  for 

any  angle  0  of  the  crank  the  formula  F  =  —  w2r(cos  0-f--cos  20\ 

then  for  45°,  since  cos  20  ==  cos  90°  =  0,    the  last   term   disappears, 

W 

and  F  is  now  =  — wV  cos  0,  which  is  the  same  as  for  the  infinitely 

long  connecting-rod  ;  therefore  HS  =  RT.  Similarly,  H'S'  =  R'T' 
at  135°. 

When  0  =  90°,  as  for  crank  position  OP",  then— 


W       /  1  \ 

F  =  -WV  (  cos  90°  +  -  cos  180° ) 
g        \  ^  n 


9 

because   cos    90°  =  0  ;    and    cos    180°=  —  1.       Therefore   for   crank 
position  90° — 

F  =  -WV  (  --}  =  FC  =  DE  =  H"S" 
g        \    n/ 

Having  obtained,  by  any  of  the  above  methods,  the  value  of  the 
forces  for  the  several  points  in  the  crank-pin  path,  and  the  direction 
and  magnitude  of  the  resultant  at  each  point,  then  by  joining  the 
extremities  of  the  resultants,  as  at  1',  2',  3',  etc.,  Fig.  333,  we  obtain 
the  full  curve  A'. 

This  curve  shows  very  clearly  what  are  the  magnitude  and 
direction  of  the  resultant  forces  acting  throughout  the  revolution  ; 
thus,  supposing  the  engine  to  be  vertical,  and  the  crank  to  be  turning 
clockwise  about  centre  A,  then  the  vertical  components  acting 
upwards  upon  the  engine-bed  are  seen  to  be  a  maximum  when  the 
piston  is  at  the  top  of  the  stroke,  gradually  decreasing  to  zero  at  about 
mid-stroke,  and  again  gradually  increasing  in  a  downward  direction 
towards  the  bottom  of  the  stroke  On  the  return  of  the  piston  from 
bottom  to  top  of  the  stroke,  the  vertical  forces  still  continue  in  the 
same  downward  direction,  gradually  decreasing  to  zero  at  about 
mid-stroke,  after  which  they  change  direction  and  again  become 
a  maximum  in  the  upward  direction  at  the  top  of  the  stroke. 

The  gradual  way  in  which  these  changes  take  place  is  shown  by 
the  smoothness  of  the  contour  of  the  curve. 
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Effect  of  Addition  of  Balancing  Masses.— Suppose  masses  added 
to  the  crank,  as  shown  in  Fig.  341,  which  will  produce  forces  equal  in 
magnitude  and  opposite  in  direction  to  the  unbalanced  portion  of  the 


FIG.  311. 

crank-shaft.  The  effect  of  this  will  be  that  the  force  represented  by 
AB,  Fig.  333,  will  be  neutralized,  and  this  circle  will  therefore  dis- 
appear from  the  figure. 

The  remaining  forces  BC,  CD  (Fig.  333)  are  set  off  in  magnitude 
and  direction  as  before  (Fig.  342),  commencing  with  BC  =  the  centri- 
fugal force  due  to  the  portion  of  the  connecting-rod  supposed  concen- 
trated at  the  crank-pin,  and  which  is  measured  from  the  centre,  and 
drawing  CD  as  before,  for  the  acceleration  due  to  the  reciprocating 
parts. 

The  original  curve  A'  will  thus  be  reduced  to  curve  B'  by  finding 
the  new  resultants  for  magnitude  and  direction,  and  setting  them  off 
from  the  centre  B  of  Fig.  342  for  the  successive  crank  positions.  By 
joining  the  extremities  of  the  new  resultants,  the  reduced  curve  of 
forces,  curve  B',  is  obtained. 

To  carry  the  balancing  still  further,  suppose  balancing  masses 
added  sufficient  to  balance  not  only  the  unbalanced  portion  of  the 
crank,  but  also  the  whole  mass  of  the  connecting-rod. 

Referring  to  Fig.  343,  the  balancing  force  now  required  will  be 
=  AB,  which  represents  the  amount  required  to  balance  the  crank- 
shaft itself,  plus  BC,  the  portion  of  the  connecting-rod  supposed  to 
be  concentrated  at  the  crank-pin,  plus  CE,  the  further  force  required 
to  balance  the  remainder  of  the  connecting-rod. 

The  conditions  are  now  as  follows  :  AD  (Fig.  343)  is  the  resultant, 
as  before,  of  the  original  forces  for  position  AB  of  the  crank  ;  and 
we  have  now  to  find  the  resultant  effect  of  two  forces,  namely  AD 
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and  that  due  to  the  balancing  mass,  whose  centrifugal  force  =  AE 
acting  in  a  direction  opposite  to  the  crank. 

This  resultant  is  obtained  by  joining  E  to  D.  Then  ED  is  the 
resultant  required  for  crank  position  AB.  In  the  same  way  the 
resultant  may  be  found  for  successive  positions  of  the  crank. 

If  now  lines  be  laid  off  from  centre  A,  equal  and  parallel  to  the 
respective  resultants,  in  the  same  way  that  Al  is  drawn  equal  and 


FIG   342. 


B\ 


FIG.  343. 


parallel  to  ED,  the  successive  points  1,  2,  3,  etc.,  will  be  obtained 
through  which  to  draw  the  force  curve  C'.  Care  must  be  taken  to 
work  round  the  crank  positions  in  successive  order,  and  to  mark  the 
corresponding  crank  number  on  the  force  curve.  It  will  be  noticed 
that  the  numbers  on  the  force  curve  C' — when  drawn  in  accordance 
with  the  direction  of  the  resultant — have  changed  sides,  and  that 
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they  proceed    round    the  figure   in  the    opposite   direction  to  those 

on   curve   A'    (Fig.    343).      From   this   it    will    be    evident    that    if 

any  further  balancing  mass  is  added,  the  result  will  be  that  curve 

C'  will    become    natter 

vertically      and       more 

extended       horizontally 

(see  curve  D',  Fig.  344). 

The    extent     to    which 

such    balancing    should 

be   carried   will  depend 

upon   the   judgment    of 

the  designer. 

Curve  D'  (Fig.  344) 
has  been  drawn  for  a 
balance  weight  whose 
centrifugal  force  is  re- 
presented by  the  radius 
of  the  circle  M.  These 
diagrams  show  how  the 
problem  of  balancing 
is  affected  by  the  speed 
of  rotation,  for  since  all 
the  forces  are  propor- 
tional to  o>V,  they  in- 
crease in  magnitude  as 
the  square  of  the  angu- 
lar velocity,  and  only 
directly  as  the  radius, 
and  therefore  an  in- 
crease of  revolutions  per 
minute  rapidly  increases 
the  magnitude  of  the 
force  curve. 

The  ordinary  quick- 
revolution  engine  for 
electric  lighting  runs  at 
from  two  hundred  to  six 
hundred  revolutions  per 
minute  according  to 
size,  hence  the  great 
importance  of  attention  to  balancing  in  such  engines. 

Curves  showing  Vertical  Components  of  Unbalanced  Forces  on  Foun- 
dations of  Vertical  Engines  due  to  Inertia  of  Moving  Parts. — The 
diagrams  constructed  in  the  form  of  an  ellipse  in  Figs.  333,  342,  343, 
and  344  may  be  drawn  on  an  extended  base  (representing  the  unfolded 
crank-pin  path),  the  vertical  resultants  of  the  forces  for  each  successive 
position  of  the  crank  being  used  as  ordinates,  which  when  joined  form 
a  series  of  wave-like  curves. 

By   this   form   of   representation     the   net    upward   or    downward 

U 
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SINGLE  CRANK 


"*—  360--" 


FIG.  345. 


pressure  on  the  foundations  resulting  from  combinations  of  engines  on 

one  crank  shaft  may  be 
well  seen. 

Single-crank  Vertical 
Engines.  -  -  Fig.  345 
shows  a  curve,  AA, 
which  is  drawn  by  first 
taking  a  horizontal  line, 
XX,  to  represent  the 
unfolded  crank-pin  path, 
and  dividing  it  in  a 
scale  of  degrees.  Then 
for  any  number  of  posi- 
tions of  the  crank,  a 
vertical  line  is  set  up 
representing  the  vertical  component  of  the  unbalanced  force  whose 
height  a  above  the  base  line,  or  of  b  below  the  base  line,  is  equal  to 
the  vertical  component  of  the  resultant  force  for  the  corresponding 
crank  position  as  found  on  the  elliptical  diagrams  Fig.  333,  etc. 

Thus,  comparing  Figs.  333  and  345,  the  position  AB  of  the  crank 
(Fig.  333)  corresponds  to  the  30°  position  (Fig.  345),  and,  considering 
the  case  of  a  single  crank  at  a  time,  the  vertical  height  DE  (Fig.  345) 
depends  upon  the  amount  of  balancing,  by  the  addition  of  balance 
weights,  which  has  been  employed.  Thus,  if  there  are  no  balancing 
weights,  then  the  vertical  component  of  the  resultant  AD  (Fig.  333) 
for  the  crank  position  AB  =  AH,  and  ED  at  crank  position  30° 
(Fig.  345)  =  AH  (Fig.  333). l  If  the  crank  itself  is  balanced,  then 
ED  (Fig.  345)  =  the  vertical  component  of  the  resultant  BD  =  ED 
(Fig.  333).1  Or  if  the  balancing  by  addition  of  weights  has  been 
carried  so  far  as  to  balance  the  crank  and  the  portion  of  the  connect- 
ing-rod assumed  as  rotating  with  the  crank-pin,  then  there  is  no 
vertical  resultant  due  to  BC,  that  part  being  balanced,  and  the  height 
ED  (Fig.  345)  =  the  vertical  CD  (Fig.  333).1 

The  maximum  range  of  vertical  forces  for  a  single-crank  engine  = 
the  maximum  value  of  a  -f  b.'  It  will  be  noticed  that  the  length  a, 
Fig.  345,  is  greater  than  that  of  6,  and  these  lengths  are  in  the 
proportion — 


gr 


gr 


This  difference  between  the  maximum  upward  and  downward 
vertical  stresses  on  the  foundation  due  to  inertia  of  the  moving  parts 
is  sufficient  in  itself  to  cause  appreciable  and  even  considerable 
vibration,  and  accounts  for  many  of  the  troubles  in  engines  which 
were  otherwise  supposed  to  be  well  balanced. 

Two  Cranks  180°  apart.— Fig.  346  shows  a  pair  of  curves,  A  and  B, 
for  two  engines  working  on  the  same  crank-shaft  with  reciprocating 

1  The  figures  are  drawn  to  different  scales. 
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parts  of  equal  weight  and  with  cranks  opposite.  Curve  B  is,  of  course, 
merely  a  repetition  of  curve  A,  and  set  180°  ahead  of  A,  but  the 
vertical  dimensions  are  the  same  for  both  curves. 

So  far  as  vertical  forces  due  to  inertia  are  concerned,  the  direction 
of  the  cranks  being  always  opposite,  the  forces  acting  on  the  founda- 
tion due  to  each  set 

also  opposite,  and  they        T 
therefore       tend      to 
neutralize  each  other. 
If  the  obliquity  of  the 
short     connecting-rod 
were   neglected,    then  X 
the     vertical     compo- 
nent for  the  two  en- 
gines   would     exactly 
neutralize  one  another, 
and  the  resultant  ver- 
tical  force   would    be 
nil.       But     in     high- 
speed  vertical   engines 
short,  and  the   result  is 


FIG.  346. 


the  connecting-rod  is  usually  exceptionally 
that  a  large  difference  occurs  between  the 
inertia  effects  in  the  upper  and  lower  halves  of  the  revolution.  The 
difference  may  amount  to  many  tons  in  large  high-speed,  short-stroke 
engines. 

When  these  curves,  A  and  B,  Fig.  346,  are  combined  as  shown,  the 
net  resultant  vertical  force,  shown  by  the  dotted  line  R,  is  obtained 
by  taking  the  algebraic  sum  of  the  upward  forces  a  and  the  downward 
forces  b  for  successive  positions  of  the  crank  =  (a  —  6),  and  setting 
off  the  result  above  or  below  the  line  XX,  according  as  the  result 
is  positive  or  negative. 

Fig.  346  shows  by  the  dotted  line  R  that  the  maximum  range  of 
vertical  force  upon  the  foundation  is  much  reduced  when  two  cranks 
at  180°  are  used  instead  of  a  single  crank,  and  when  the  weights  of 
the  moving  parts  are  equal  in  each  engine.  It  is  thus  clear  that 
a  pair  of  simple  engines  will  work  more  smoothly  on  cranks  at  180° 
than  a  pair  of  compound  engines,  unless  the  weight  of  the  moving 
parts  of  each  engine  of  the  compound  is  made  equal  by  increasing, 
say,  the  weight  of  the  high-pressure  piston. 

Two  Cranks  at  90°. — Fig.  347  shows  curves  A  and  B  representing 
the  vertical  components  of  the  forces  for  a  pair  of  engines  of  equal 
weight  of  moving  parts  and  with  cranks  at  right  angles.  The  curve 
B  is  the  same  as  curve  A,  and  is  set  90°  ahead  of  it.  The  dotted  line 
R  gives  the  resultant  vertical  forces  of  the  combined  cranks  on  the 
foundation,  and  is  shown  in  this  case  to  be  considerable.  If  the  weight 
of  the  moving  parts  of  engine  B  were  greater  than  those  of  engine 
A,  then  the  maximum  vertical  forces  due  to  inertia  would  be  still 
greater  than  before.  Hence,  for  the  purpose  of  balancing  quick- 
revolution  engines,  two  cranks  opposite,  with  pistons  of  equal  weight, 
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are  much  to  be  preferred  to  two  cranks  at  90°  and  pistons  of  unequal 

weight.  With  the  for- 
mer arrangement,  how- 
ever, it  is  necessary  to 
increase  somewhat  the 
diameter  of  the  crank- 
shaft to  secure  sufficient 
strength  (see  Fig.  268). 
With  cranks  at  90°,  it  is 
specially  important  that 
the  range  of  vertical  forces 
on  the  foundation  should 
be  reduced  by  the  use  of 
balance  weights. 

Three  Cranks  at  120°. 
— Fig.  348  shows  three 
curves  of  vertical  forces, 
A,  B,  and  C,  for  a  set  of 
triple  engines,  of  equal 

weights  of  reciprocating  parts,  and  with  cranks  120°  apart. 

It  will  be  found  in  this  case  that  the  resultant  curve  obtained  by 

taking  the  sum  of  the 
three  forces  at  any  crank 
position,  and  shown  dotted 
(E)  in  Figs.  346,  and  347, 
now  disappears,  and  the 
tendency  to  vibration 
due  to  the  vertical  effect 
of  the  inertia  of  moving 
parts  is  eliminated,  not- 
withstanding the  differ- 
ence between  the  accele- 
ration and  retardation  of 
the  moving  parts  in  the 


360' 
FIG.  347. 


THREE  CRANKS  AT  120° 


upper   and   lower   halves 


it go0 ^. 120-—- * 120 * 

FIG.  318. 

of  the  revolution. 

The  fact  that  the  sum  of  the  inertia  effects  is  zero,  whatever  the 
length  of  the  connecting-rod,  was  first  pointed  out  by  M.  Normand, 
of  Havre.  The  proof  is  as  follows  : — 

Let  Fx  =  force  due  to  inertia  in  one  cylinder ;  F2  for  the  second 
cylinder,  etc. ;  W  =  the  weight  of  the  reciprocating  parts ;  and  the 
other  terms  as  before  ;  then — 

F!  =  -(cos  e  +  -  cos  20V> 

g\         n        ) 

F2  =  ^  (cos  (0  +  120°)  +  -  cos  2(0  +  ]20°))«2s- 
g\  n 

P3  =  —  {cos  (0  +  240°)  +  -  cos  2(0  +  2400)]«V 
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0  +  cos(0  +  120°)  +  cos  (0  +  240°)}  4-  ^1^ 


!  +  F2  +  F3  =      cc2 

+  cos  (20  +  240)+  cos  (20  +  480°)} 


20 


cos  0  cos  240° 


-  sin  0  sin  240°)+  -  —(cos  20  +  cos  20  cos  240°-  sin  20  sin  240° 
+  cos  20  cos  480°  -  sin  20  sin  480°) 

(\/3  V3  "\ 

cos  0  —  5  cos  0 -y  sin  0  —  J  cos  0  H — x-  sin  0  I 

cos  20  —  |  cos  20  +  -5-  sin  20-  ^  cos  20 5-  sin  20  j 


on 


g    ^  gn  ^ 

The  removal  of  the  vertical  component  of  the  inertia  effects  by  the 
combination  of  three  cranks  at  120°,  with  equal  weights  of  reciprocat- 
ing parts,  is  an  important  point  in  favour  of  such  an  arrangement  of 
cranks. 

Tour  Cranks  in  Pairs  of  Two  Cranks  opposite. — In  this  case 
also,  as  in  that  of  the  triple  engine,  the  resultant  vertical  force  R 
disappears  when  the  weights  of  the  moving  parts  of  each  engine  are 
equal. 

Effect  of  Couples. — So  far  no  account  has  been  taken  of  the  effect  of 
the  "couple"  tending  to  rock  the  engine  endwise,  or  to  alternately 
lift  and  depress  the  opposite  ends  of  the  engine -bed  on  the  line  of  the 
crank,  each  stroke,  but  obviously  such  a 
couple  exists  with  engines  of  two  or  more 
cranks. 

In  the  case  of  a  two-crank  engine  with 
cranks  opposite,  the  moment  of  the  couple 
tending  to  turn  the  engine  endwise,  first 
in  one  direction  and  then  in  the  other,  is 
equal  to  the  moment  (F  X  a)  =  (F  X  c) 
—  (F  X  &),  tending  to  turn  the  engine 
about  point  d.  A  similar  force  on  the 
alternate  stroke  tends  to  turn  the  engine 
round  e. 

Where  the  value  of  F  at  the  top  posi- 
tion of  the  piston  is  greater  than  at  the 
bottom,  as  when  a  short  connecting-rod 
is  used,  then  the  disturbing  force  is 
greater  still,  as  has  already  been  seen. 

This  tendency  to  end  vibration  may 
be  neutralized  by  the  addition  of  another 
pair  of  similar  engines  working  on  a  common  bed-plate  tending 
to  produce  an  opposite  couple,  and  arranged  so  that  the  two  inside 
cranks  coincide  in  one  direction,  and  the  two  outside  cranks  coincide 
in  the  opposite  direction  (Fig.  350).  Here  the  opposing  tendencies 
to  rocking  are  borne  by  the  bed-plate,  and  are  therefore  self-contained, 


FIG.  349. 
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and  so  long  as  the   bed-plate   is    sufficiently  strong  no   vibration   is 
transmitted  to  the  foundation. 

The  above  four- engine  arrangement  is  equivalent  to  the  following 
(Fig.  351),  which  is  a  triple  engine  with  the  middle  crank  carrying 
reciprocating  parts  whose  weight  is  twice 
that  of  the  moving  parts  of  the  outside 


FIG.  350. 


FIG.  351. 


engines.  Here,  as  in  the  previous  figure,  the  couples  are  balanced, 
though  owing  to  the  short  connecting-rod  the  vertical  forces  are  not 
balanced. 

Fig.  352  is  a  design  which  accomplishes  the  same 

result  as  in  Fig.  351,  but  with  two  cylinders  only. 
In  this  design  the  low-pressure  piston  works  in  the 
opposite  direction  to  the  high-pressure  piston.  The 
high-pressure  piston  is  connected  to  the  central 
crank,  and  the  low-pressure  piston  to  the  two  out- 
side cranks,  by  means  of  two  piston-rods  which  work 
through  bushes  passing  through  the  metal  of  the 
low-pressure  cylinder.  The  weights  of  the  moving 
parts  for  both  high  and  low  pressure  engines  are 
made  equal. 

In  a  triple  engine  with  equal  weights  of  recipro- 
cating parts  and  cranks  at  120°,  the  couple  is  not 
balanced,  though  the  engine  may  be  balanced  in 
other  respects. 

To  get  over  this  difficulty,  it  was  first  suggested 
by  Mr.  Robinson,  of  Messrs.  Willans  and  Robinson, 
to  combine  two  sets  of  triple-crank  engines  on  the 
same  single  rigid  bed-plate,  and  arrange  the  cranks 
so  that  each  of  the  two  sets  of  engines  tended  to  set 
up  opposite  couples  to  its  neighbour.  Thus,  if  the 
cranks  are  numbered  1,  2,  3,  4,  5,  6,  then  if  3  and 
4  are  vertical,  2  and  5  will  point  to  the  right  and  be 
30°  below  the  horizontal,  and  1  and  6  will  point  to  the  left  and  be 
also  30°  below  the  horizontal.  Then  these  two  separate,  unbalanced 
couples  neutralize  each  other,  and  as  there  is  no  tendency  to  vibration 


FIG.  352. 
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from  vertical  forces  in  each  of  the  two  triple  engines,  the  engine  is 
free  from  vibration.1 

Vibration  due  to  the  couple,  in  engines  for  light  vessels,  such  as 
torpedo-boats,  may  be  to  some  extent  modified  by  strong  diagonal  fore- 
and-aft  bracing-stays  connecting 
the  after  cylinders  with  the  forward 
part  of  the  bed-plate  (Fig.  353). 
By  this  means  the  engines  are 
made  more  rigid,  and  the  vertical 
couple  of  moment  M  X  D,  which 
would  give  to  the  hull  of  a  light 
vessel  a  vertical  undulatory  mo- 
tion, is  replaced  and  absorbed  by 
a  horizontal  moment,  N  x  E,  the 
length  E  being  the  vertical  dis- 
tance between  the  longitudinal 
deck  stays,  and  the  fastenings  of 
the  bed-plates  with  the  bottom  of 
the  ship. 

M.  Normand  points  out2  that 
without  a  complete  system  of 
strong  diagonal,  longitudinal  brac- 
ing of  the  engines,  and  horizontal 
stays  at  the  top  and  bottom,  the  equalization  of  the  weights  of  the 
reciprocating  parts  (though  decreasing  the  net  vertical  stress)  would 
increase  the  rocking  motion  due  to  the  couple,  and  the  more  so  the 
longer  the  distance  D  between  the  fore  and  aft  cylinders. 

The  Use  of  a  Plane  of  Reference.3 — If  a  loaded  crank  rotate  about 
the  axis  of  a  crank-shaft,  the  outward  force 
or  pull   acting  radially  through  the  centre  of 

W 

mass  =  F  =  — o>2r. 

g 

But  if  the  effect  of  this  radial  pull  is  con- 
sidered in  relation  to  some  plane  db  at  right  yp 
angles  to  the  axis,  but  at  some  distance  c  from  }  ' 
the  crank,  and  which  we  will  call  the  plane  of  '6 
reference,  then  the  effect  of  the  single  force  F1  FIG.  354. 

(Fig.  354)  acting  at  the  crank  is  equal  to — 

(1)  A   force,   F2,   acting   in   the   plane    equal    and   parallel   to   F1? 
together  with 

(2)  A  couple  of  moment,  Fa  X  c,  tending  to  turn  the  shaft  round 
in  a  plane  at  right  angles  to  the  reference  plane. 

If  several  cranks  rotate  in  the  same  shaft  at  any  angle  with  each 

1  See  a  paper  by  Mr.  Eobinson  and  Captain  Sankey,  Proc.  Inst.  Naval  Archi- 
tects, 1895. 

2  Engineering,  October  27,  1893. 

3  For  the  method  which  follows,   dealing  with   the   balancing  of  four-crank 
engines,  the  author  is  indebted  to  Prof.  Dalby's  valuable  paper  on  the  "  Balancing 
oi  Marine  Engines  : "  Proc.  Inst.  Naoal  Architects,  1899. 
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other,  and  at  various  distances  from  the  reference  plane,  then  each 
separate  radial  force,  when  referred  to  a  common  plane  of  reference, 
is  equivalent  to  a  force  acting  in  that  plane,  equal  and  parallel  to  the 
original  force,  and  to  a  couple  the  moment  of  which  is  equal  to  the 
force  at  the  crank  multiplied  by  its  distance  from  the  reference  plane. 

Reciprocating  Masses.  —  If  masses  Mj  and  M2  on  the  respective 
cranks  of  a  two-crank  engine  with  cranks  opposite  are  equal,  then 
the  cranks  are  balanced  in  all  positions,  so  far  as  moments  about  the 
crank  shaft  axis  are  concerned  (neglecting  the  effect  of  the  short 
connecting-rod,  and  the  couple). 

Also,  for  all  positions  of  the  opposite  cranks,  the  engine  is  similarly 
in  balance  if,  for  the  equal  rotating  masses,  equal  reciprocating  masses 
are  substituted,  each  driven  from  its  respective  crank  ;  and  thus  the 
result  as  to  balance  is  the  same  whether  the  masses  are  reciprocated 
or  rotated.  Hence,  if  masses  balance  as  a  rotating  system,  they 
balance  also  as  a  reciprocating  system. 

Similarly  for  any  number  of  cranks,  at  any  angles,  if  the  rotating 
masses  balance,  the  reciprocating  masses  will  also  balance,  provided 
they  are  respectively  arranged  in  the  same  proportion  to  each  other 
as  the  rotating  masses. 

The  conditions  of  balance  may  now  be  stated  thus  : 

(1)  If,  in  the  plane  of  reference,  lines  taken  ,in  order  be  drawn 
parallel  to  the  respective  crank  radii  and  proportional  to  the  forces 
(or  to  the  masses  when  the  cranks  are  of  equal  radius)  acting  at  the 
respective  crank-pins,  the  figure  obtained  is  a  closed  polygon. 

(2)  If,  in  the  plane  of   reference,  lines  taken  in  order  be  drawn 
parallel  to  the  respective  crank  radii  and  proportional  to  the  moments 

of  the  forces  (or  of  the  masses 
when  the  cranks  are  of  equal 
radius)  acting  at  the  respec- 
tive crank  -pins  about  the 
origin  at  the  plane  of  re- 
ference, the  figure  obtained 
is  a  closed  polygon. 

These  conditions  apply 
equally  whether  the  masses 
are  reciprocating  or  rotating, 
the  reciprocating  masses 
being  considered,  for  the 
purpose  of  solving  the  pro- 
blem of  balance,  as  if  they 
were  rotating  masses. 

For  a  triple-crank  engine 
(Fig.  355),  with  cranks  at 
120°,  if  a  plane  of  reference 
be  taken  through  one  of  the 

-,  ,         .  -.-.-        rt.  , 

end  cranks  (say  JNo.  3)  and 
the  crank  positions  be  projected  on  the  plane,  then  condition  (1)  may 
be  fulfilled,  so  far  as  the  forces  acting  at  the  respective  crank-pins 


t 


_ 
U—  a — »t 


•E,  „ 

.rIG.   oOO. 


BALANCING    THE  ENGINE. 


297 


are  concerned,  when  those  forces  are  equal,  because  a  closed  figure 
may  be  drawn  whose  sides  are  equal  to  each  other  and  parallel  to 
the  crank  radii. 

But  it  is  evident  that  when  the  forces  at  the  crank-pins  are  unequal 
and  the  cranks  are  at  120°,  the  condition  of  balance  of  forces  is  not 
fulfilled,  because  it  is  not  possible  to  close  the  force  polygon. 

It  is  also  evidently  impossible  to  fulfil  condition  (2)  for  a  three- 
crank  engine,  as  the  moment  of  the  force  acting  on  crank  3  about  the 
origin  at  the  reference  plane  is  zero,  and  the  two  remaining  moments 
(Fx  X  6)  and  (F2  X  «)  do  not  form  a  closed  figure  ;  unless  the  cranks 
are  as  shown  in  Fig.  351,  which  fulfils  all  conditions  of  balance,  except 
for  the  disturbing  effects  of  the  short  connecting -rod.  It  will  be 
observed  that  the  conditions  here  laid  down  for  perfect  balance  ignore 
the  effect  of  the  short  connecting-rod,  which  effect,  as  has  been  already 
explained,  may  in  itself  cause  considerable  vibration,  though  the 
engine  is  balanced  in  all  other  respects.  The  influence  of  the  short 
connecting-rod  is  more  serious  in  quick-revolution  engines,  as  its 
disturbing  effect  varies  with  the  square  of  the  angular  velocity  of 
the  crank. 

Applying  the  previous  conditions  of  balance  to  the  case  of  a  four- 
crank  engine,  suppose  the  respective  distances  between  the  cylinder 
centre  lines  are  chosen  (Fig.  356),  and  the  weights  of  reciprocating 
parts  for  three  of  the  engines  are  approximately  fixed,  it  is  required 
to  find  (1)  the  relative  crank  positions,  (2)  the  reciprocating  mass 
for  the  fourth  crank  necessary  to  balance  the  mass  of  the  other  three 
cranks. 

Take  a  plane  of  reference  through  one  of  the  end  cranks,  namely, 
crank  1,  whose  relative  angular  position  and  weight  of  moving  parts 
are  not  yet  fixed. 

Then  the  data  may  be  conveniently  set  out  in  a  tabulated  form  as 
shown  thus  : 


No.  of 
crank. 

Distance  of  centre 
of  crank  from 
reference  plane. 

Mass  at  crank. 

Ratio  of 
masses. 

Mass  moment 
about  reference 
plane. 

1 

0 

(1720) 

(0-57W) 

0 

2 

3ft. 

3000 

W 

9000 

3 

5ft. 

4500 

1-5W 

22,500 

4 

7ft. 

3000 

W       • 

21,000 

The  figures  in  the  brackets  are,  in  the  first  instance,  unknown,  and 
have  to  be  determined  by  the  construction  which  follows. 

JS"oTE. — If  the  radii  of  the  several  cranks  were  different,  then  it 
would  be  necessary  to  multiply  each  mass  in  column  (3)  and  each 
mass  moment  in  column  (5)  by  its  respective  crank  radius;  but  in 
ordinary  engines  the  crank  radius  is  the  same  throughout,  and  the 
proportional  result  is  not  affected. 

First,  draw  the  polygon  of  mass  moments  about  the  origin  in  the 


298 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


reference  plane.  In  this  case,  since  one  of  the  cranks  is  in  the  refe- 
rence plane,  only  three  cranks  have  moments  about  the  plane,  and 
the  polygon  is  therefore  a  triangle. 


•57W 


FIG.  356. 

First,  for  crank  4,  draw  AB  horizontal  =  3000  X  7  =  21,000  to  any 

convenient  scale  of  units ; 

For  crank  3,  draw  BC  =  4500  X  5  =  22,500 
For  crank  2,  draw  CA  =  3000  X  3  =  9000 

These  lines  form  a  closed  triangle  of  mass-moments,  and  the  cranks 
are  in  balance  if  made  parallel  to  the  lines  AB,  BC,  and  CA,  namely, 
cranks  4,  3,  and  2  parallel  to  AB,  BC,  and  CA  respectively.  These 
directions  of  the  cranks  are  then  drawn  as  shown  in  Fig.  356. 

It  now  remains  to  find  the  direction  of  the  crank  No.  1  relatively 
to  the  remaining  cranks,  and  to  find  the  mass  rotating  at  the  crank- 
pin,  in  order  to  complete  the  balance. 

This  will  be  obtained  in  the  next  process  by  finding  the  direction 
and  magnitude  of  the  line  required  to  close  the  mass  polygon.  What- 
ever position  crank  No.  1  may  have  will  not  affect  its  mass-moment 
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balance,  as  the  crank  is  in  the  reference  plane,  and  its  moment 
is  =  0. 

Secondly,  draw  the  mass  polygon  to  some  other  scale  of  units, 
making  the  lines  representing  the  mass  at  each  crank  parallel  to  the 
respective  cranks. 

The  figure  may  be  partly  superposed  upon  the  moment  polygon,  and 
the  mass  lines,  for  each  crank,  drawn  parallel  to  the  moment  lines. 
Thus  A6  =  3000  =  mass  at  crank  4  ;  be  =  4500  =  mass  at  crank  3 ; 
cd  =  3000  =  mass  at  crank  2.  Then  the  line  dA.  required  to  close  the 
mass  polygon  gives  in  magnitude  the  mass  of  the  rotating  or  recipro- 
cating parts,  whichever  may  be  under  consideration,  and  the  direction 
dA,  when  transferred  to  the  end  view  of  the  crank-shaft,  gives  the 
angular  direction  of  crank  1. 

To  check  the  accuracy  of  the  work,  it  is  well  to  take  a  new  reference 
plane  through  crank  4,  and  to  draw  a  new  mass-moment  triangle, 
composed  of  the  moments  of  cranks  1,  2,  and  3  about  the  origin  at 
crank  4.  If  the  figure  again  closes,  the  work  is  correct. 

This  diagram  (Fig.  356)  is  given  as  illustrating  method  of  procedure, 
and  is,  of  course,  subject  to  the  modification  as  to  weights  and  centre 
distances  to  suit  practical  requirements. 


CHAPTER  XX, 

STEAM-ENGINE   PERFORMANCE. 

IN  the  early  days  of  engine-testing,  it  was  usual  to  express  the  per- 
formance of  the  engine  in  terms  of  the  number  of  pounds  of  coal  used 
per  indicated  horse-power  per  hour. 

If  the  object  were  to  express  the  performance  of  the  whole  plant — 
engine  and  boiler  included — and  if  the  heat  value  of  1  Ib.  of  coal 
were  a  constant  quantity,  then  there  would  be  no  objection  to  this 
unit  of  measurement,  and  it  was,  and  is  still,  in  fact  a  useful,  if  not 
an  exact  method. 

But  as  a  scientific  measure  of  the  performance  of  the  engine  itself  it 
was  valueless,  because  it  included  also  the  performance  of  the  boiler, 
which  latter  might  be  either  good  or  bad  \  and  thus  two  engines  of 
equal  merit,  the  one  attached  to  a  good  and  the  other  to  a  bad  boiler, 
might  show  widely  different  results. 

The  more  usual  system  at  present  is  to  express  the  performance  of 
the  engine  in  pounds  of  steam  used  per  hour  per  indicated  horse-power. 
But  this  unit  also  is  not  satisfactory,  because  the  number  of  heat-units 
employed  to  generate  a  pound  of  steam  is  not  uniform,  but  depends 
upon  the  pressure  of  the  steam,  the  temperature  of  the  feed- water,  and, 
if  superheated,  the  degree  of  superheat  employed. 

The  error  is  comparatively  unimportant  when  saturated  steam 
within  the  ordinary  limits  of  pressure  is  being  considered,  but  for 
superheated  steam  the  case  is  very  different.  Thus  the  total  heat  from 
32°  Fahr.  per  pound  of  saturated  steam  at  50  Ibs.  absolute  pressure 
is  1167  heat-units,  and  at  150  Ibs.  pressure  it  is  1190  heat-units, 
while  the  total  heat  of  steam  at  150  Ibs.  pressure  superheated  300° 
Fahr.  is  1334  ;  and  since  it  is  the  heat  that  does  the  work,  and  not 
the  steam,  the  weight  of  steam  used  as  a  measure  of  relative  efficiency 
is  very  misleading.  In  each  of  the  above  cases  1  Ib.  of  steam  may 
be  used,  but  in  the  last  case — that  of  the  superheated  steam — it 
contains  14-3  per  cent,  more  heat  than  the  1  Ib.  of  saturated  steam 
at  50  Ibs.  pressure. 

A  committee  of  the  Institution  of  Civil  Engineers  has  recently 
considered  this  question,  and  issued  a  report  containing  the  following 
recommendations  : — 

"  1,  That  'thermal  efficiency,'  as  applied  to  any  heat-engine,  should 
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mean  the  ratio  between  the  heat  utilized  as  work  on  the  piston  by 
that  engine,  and  the  heat  supplied  to  it. 

"  2.  That  the  heat  utilized  be  obtained  by  measuring  the  indicator 
diagrams  in  the  usual  way. 

"3.  That  in  the  case  of  a  steam-engine,  the  heat  supplied  be  calcu- 
lated as  the  total  heat  of  the  steam  entering  the  engine,  less  the  water- 
heat  of  the  same  weight  of  water  at  the  temperature  of  the  engine 
exhaust,  both  quantities  being  reckoned  from  32°  Fahr. 

"  4.  That  the  temperature  and  pressure  limits,  both  for  saturated 
and  superheated  steam,  be  as  follows  : — 

"  Upper  limit :  the  temperature  and  pressure  close  to,  but  on  the 
boiler  side  of,  the  engine  stop-valve,  except  for  the  purpose  of  calcu- 
lating the  standard  of  comparison  in  cases  when  the  stop-valve  is 
purposely  used  for  reducing  the  pressure.  In  such  cases  the  tem- 
perature of  the  steam  at  the  reduced  pressure  shall  be  substituted. 
In  the  case  of  saturated  steam  the  temperature  corresponding  to  the 
pressure  can  be  taken. 

"  Lower  limit :  the  temperature  in  the  exhaust-pipe  close  to,  but 
outside,  the  engine.  The  temperature  corresponding  to  the  pressure 
of  the  exhaust  steam  can  be  taken. 

11 5.  That  a  standard  steam-engine  of  comparison  be  adopted,  and 
that  it  be  the  ideal  steam-engine  working  on  the  Rankine  cycle  between 
the  same  temperature  and  pressure  limits  as  the  actual  engine  to  be 
compared. 

"6.  That  the  ratio  between  the  thermal  efficiency  of  an  actual  engine 
and  the  thermal  efficiency  of  the  corresponding  standard  steam-engine 
of  comparison  be  called  the  efficiency  ratio. 

"7.  That  it  is  desirable  to  state  the  thermal  economy  of  a  steam- 
engine  in  terms  of  the  thermal  units  required  per  minute  per  I.H.P., 
and  that,  when  possible,  the  thermal  units  required  per  minute  per 
B.H.P.  be  also  stated. 

"8.  That,  for  scientific  purposes,  there  be  also  stated  the  thermal 
units  required  per  minute  per  H.P.  by  the  standard  engine  of  com- 
parison." 1 

The  steam-engine  was  taken  to  include  everything  between  the 
boiler  side  of  the  engine  stop-valve  and  the  exhaust  flange.  The 
condenser  was  not  included. 

In  accordance  with  the  above  recommendations,  it  is  probable  that 
in  future  steam-engine  performance  will  be  expressed  in  terms  of 
thermal  units  required  per  minute  per  I. H.P. 

To  convert  pounds  of  steam  per  I. H.P.  into  B.T.U.  supplied  per 
I.H.P.— 

-T.  T  jT   _  weight  of  steam  per  minute  X  net  heat-units  per  pound 

I.H.P. 

As  the  ideal  standard  of  comparison,  the  Committee  of  the  Inst. 

C.E.    recommend  a  perfect   engine   working  on  the  Rankine  cycle, 

which  is  understood  to  mean  an  engine  receiving  steam  at  its  upper 

limit  of  pressure  and  temperature  equal  to  that  measured  close  to  but 

1  Proc.  Inst.  C.E.,  vol.  cxxxiv. 
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on  the  boiler  side  of  the  engine  stop-valve,  and  continuing  this 
pressure  and  temperature  up  to  cut-off.  Beyond  cut-off  the  steam  is 
assumed  to  expand  adiabatically  in  the  cylinder  down  to  a  pressure 
equal  to  the  back  pressure  against  which  the  engine  is  working. 
The  steam  is  then  exhausted  from  the  cylinder  at  constant  pressure 
corresponding  with  the  lower  limit  of  temperature.  The  above  cycle, 
which  has  hitherto  been  called  the  Clausius  cycle,  it  is  now  proposed 
to  call  the  Rankine  cycle. 

The  B.T.U.  required  per  minute  per  I.H.P.  for  the  standard  engine 
of  comparison  is  given  by  dividing  4242  by  the  efficiency  of  the 
cycle. 

1.  The  efficiency  of  the  Rankine  cycle  for  saturated  steam  is  given 
in  the  report  above  referred  to  as  — 


(Ta  -  T.)(l  +  I*)  -  Te  hyp.  log  ^ 


See  equation  (1),  p.  54,  where  Ta  and  Te  =  absolute  temperature  of 
saturated  steam  at  stop-valve  and  exhaust  respectively. 
2.  For  superheated  steam  the  efficiency  becomes  — 

.  log  ^  +  0-48  hyp.  log 
Ltl  +  Ta  -  Te  +  0-48(T,  -  Ta) 

where    Ts  =  absolute    temperature    of    superheated   steam    at   stop- 
valve. 

If  expression  (1)  above  be  =  <z,  and  expression  (2)  be  =  6,  then 

42-42  X  -  =  B.T.U.  per  I.H.P.  per  minute  for  the  standard  engine 

of  comparison  for  saturated  steam,  and  42*42  x  j-  for  superheated 

steam. 

To  facilitate  the  use  of  the  standard,  and  to  avoid  calculation,  the 
following  diagram  (Fig.  347),  prepared  in  the  first  instance  by  Captain 
Sankey,  may  be  used,  from  which  the  number  of  B.T.U.'s  per  I.H.P. 
per  minute  may  be  read  directly  for  the  case  of  the  ideal  engine 
working  between  known  limits  of  temperature  Ta  and  Te. 

EXAMPLE.  —  Suppose  an  engine  working  between  the  temperature 
limits  of  350°  for  initial  steam  and  140°  for  exhaust  steam,  then 
where  the  vertical  through  the  350°  point  on  the  base  line  cuts  the 
curve  through  the  140°  point  on  the  right-hand  scale,  we  find  the 
horizontal  line  which,  when  traced  to  the  left-hand  scale,  gives  180 
as  the  number  of  B.T.U.'s  per  I.H.P.  per  minute  required  by  the  ideal 
engine  working  between  these  temperature  limits. 

Boulvin's  Method  of  Transferring  Indicator  Diagrams  to  the 
Temperature-Entropy  Chart.—  The  following  diagram,  first  devised 
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by  Professor  Boulvin,  illustrates  a  useful  method  of  transferring  in 
full  the  indicator-diagram  to  the  0<j>  chart.  By  means  of  such  transfer 
it  is  readily  seen  where  the  losses  in  any  engine  or  combination  of 
engines  occur. 

It  shows  for  any  engine  what  use  it  makes  of  the  heat-units  supplied 


FIG.  358. 

to  it  per  pound  of  steam,  and  by  plotting  diagrams  from  separate 
engines  whose  performance  it  is  desired  to  compare  one  with  the  other, 
it  is  easily  seen  where  and  in  what  respect  one  engine  is  superior  to 
another  in  efficiency  as  a  heat-engine. 

Four  axes  are  drawn  from  centre  O,  in  Fig.  358,  namely  OP,  OY, 
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OM,  and    OV,  which   represent    respectively  lines   of   pressure,  tem- 
perature, entropy,  and  volume  to  any  convenient  scales. 

Set  off  on  OY  a  scale  of  temperatures,  and  on  OP  a  scale  of 
pressures ;  a  temperature-pressure  curve  is  then  drawn  in  YOP  by 
joining  the  intersections  of  the  projections  from  corresponding  pressure 
and  temperature  values  for  steam,  as  obtained  by  reference  to  the 
Steam  Tables. 

The  temperature-entropy  portion  YOM  of  the  diagram  between  the 
axes  of  temperature  and  entropy  may  be  drawn,  as  already  described 
on  p.  43,  or  the  respective  lines  of  the  diagram  may  be  transferred 
from  the  chart,  Plate  I. 

For  the  line  of  volumes,  set  off  along  the  OV,  to  any  convenient 
scale,  a  scale  of  cubic  feet,  and  make  its  length  at  least  equal  to  that 
of  the  volume  of  1  Ib.  of  steam  at  the  lowest  pressure  used.  With 
the  scales  of  volume  and  pressure  now  fixed,  draw  from  the  Steam 
Tables  the  saturated  steam  qurve. 

To  place  the  indicator  diagram  in  the  pressure- volume  portion  POV 
of  the  figure,  it  is  necessary  to  already  know  the  relation  of  the  indi- 
cator diagram  to  the  clearance  line  and  the  saturation  line  (see  p.  116), 
in  which  case  it  can  be  transferred  directly  by  plotting  it  to  the  new 
scales  of  pressure  and  volume. 

To  transfer  the  indicator  diagram  to  the  temperature-entropy 
portion  of  the  figure  by  means  of  the  graphical  method,  it  is  necessary 
to  draw  lines  relating  volume  and  entropy,  as  shown  in  the  volume- 
entropy  portion  YOM  of  the  diagram.  To  draw  these  lines,  take 
any  convenient  point  A  on  the  saturation  curve,  say  through  40  Ibs. 
on  the  pressure  scale ;  draw  the  vertical  line  AD  to  the  temperature- 
pressure  curve,  and  the  horizontal  line  DK  cutting  the  temperature- 
entropy  lines  in  E  and  K.  Project  EH  vertically  to  meet  OM  in  H, 
and  project  KT  vertically  to  meet  the  horizontal  line  AT  in  T.  Join 
HT.  From  B  draw  a  horizontal  BG  to  cut  HT  in  G,  and  from  G  draw 
the  vertical  GF  to  cut  EK  in  F.  Then  the  point  B  on  the  indicator 
diagram  is  transferred  to  the  point  F  on  the  temperature-entropy 
chart.  Any  further  number  of  points  may  be  transferred  in  a  similar 
manner. 

Weight  of  Steam  used  by  the  Engine. — 1.  When  the  engine 
exhausts  its  steam  into  a  surface-condenser,  then  if  the  condensed 
steam  be  collected  and  weighed,  and  at  the  same  time  the  power 
of  the  engine  be  determined  from  indicator  diagrams,  the  weight  of 
steam  per  I.H.P.  per  hour  may  be  directly  determined.  The  weight 
of  condensed  steam  should  correspond  with  the  weight  of  feed-water 
supplied  to  the  boiler  during  the  same  period. 

2.  When  the  engine  exhausts  into  a  jet  condenser,  it  is  more 
difficult  to  determine  the  steam  consumption  at  the  condenser  end, 
and  it  will  usually  be  obtained  by  measurement  of  the  boiler-feed. 
It  may,  however,  be  found  with  approximate  accuracy  by  passing 
the  combined  condensing-water  and  condensed  steam  over  a  weir 
or  tumbling-bay,  or  through  a  number  of  orifices  (say  twenty)  bored 
out  to  gauge,  and  fixed  level  in  the  end  of  the  tank  receiving  the 
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contents  of  the  condenser.  The  tank  should  be  provided  with  baffles 
to  steady  the  flow  of  the  current.  If,  then,  the  contents  flowing  from 
one  of  these  orifices  be  collected  separately  and  weighed,  and  the  result 
multiplied  by  the  number  of  orifices,  the  total  weight  of  water  passing 
away  per  unit  of  time  will  be  obtained. 

If  S  =  weight  of  condensed  steam,  and  W  =  weight  of  injection 
water,  then  total  water  weighed  =  W  +  S  per  minute.  .  .  .  (1) 

If  /j  and  t2  =  initial  and  final  temperature  of  the  injection  water 
obtained  by  delicate  thermometers,  then  W(£2  —  ^)  =  heat  carried 
away  by  injection  water.  Let  t2  also  equal  temperature  of  feed. 

Heat  supplied  by  steam  =  S(H  —  h2),  where  H  is  total  heat  of  the 
steam,  and  \  =  (temperature  of  feed  —  32).  Then — 

S(H  —  A2)  =  (work  done  in  heat-units  per  minute) +W(£2  —  ^)  .     (2) 

Or,  if  temperature  t3  of  feed  is  not  the  same  as  that  of  the  condensed 
steam,  then — 

S(H  -  *,)  =  work  done  -f  S(*2  - «,)  +  W(*2  -  t,)    .     .     (3) 

We  have  now  two  equations — (2  or  3)  as  above,  and  (1)  equal  to  the 
numerical  value  in  pounds  of  W  +  S  by  weight  during  the  test. 

By  combining  these  equations  the  value  of  S,  or  the  weight  of 
steam  per  minute,  can  be  obtained. 

Then  S  -f-  I.H.P.  =  weight  of  steam  per  I.H.P.  per  minute 

On  the  Increase  of  Initial  Steam-pressure. — The  economy  of  engines 
in  regard  to  steam  and  coal  consumption  per  unit  of  power  will  always 
be  a  most,  if  not  the  most,  important  factor  in  determining  the  relative 
value  of  different  types  and  combinations  of  engines  and  boilers. 

If  this  condition  is  to  be  fulfilled  regardless  of  any  other  condition, 
then  the  direction  in  which  such  economy  must  be  looked  for  is  by 
the  adoption  of  the  highest  practicable  steam-pressures  by  the  use  of 
water-tube  boilers — which  are  now  working  as  high  as  from  250  to 
300  Ibs.  per  square  inch  and  even  more — and  by  the  further  adoption 
of  superheating  both  in  the  first  and  again  in  the  succeeding  cylinders, 
combined,  of  course,  at  the  other  end  of  the  scale  with  the  most 
perfect  condensing  arrangements. 

A  study  of  the  temperature-entropy  diagram  will  show  at  once  that 
in  the  directions  above  indicated  must  be  sought  the  maximum 
theoretical  efficiency  of  the  steam-engine,  and  that  with  a  constant 
minimum  loss  at  exhaust,  a  maximum  work  area  per  pound  of 
steam  can  only  be  obtained  (1)  by  increased  initial  pressure,  and 
(2)  by  reduced  loss  by  cylinder  condensation,  which  is  the  object  of 
superheating  •  the  amount  of  superheating  employed  being  so  much 
as  will  secure  dry  saturated  steam  at  cut-off,  and  not  such  an  amount 
as  will  result  in  the  actual  presence  of  superheated  steam  after  cut-off 
in  the  cylinder.  The  amount  of  superheat  in  the  initial  steam  to  secure 
this  result  has  already  been  given  in  the  chapter  on  Superheating. 

The  above  requirements  for  maximum  efficiency  of  the  steam  are  to 
some  extent  ideal,  and  there  are  many  practical  difficulties  which  yet 
remain  to  be  overcome,  but  they  represent  the  direction  towards  which 
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the  more  progressive  engineering  will  continue  to  aim;  and  where 
maximum  power  per  unit  of  weight  of  machinery  is  the  primary 
consideration,  regardless  of  cost  in  other  directions,  the  maximum 
possible  pressures  will  be  employed,  and  superheating,  though  at 
present  in  abeyance,  will  probably  follow,  at  least  in  some  degree. 

But  where  other  conditions  than  the  above  obtain,  that  is,  where  cost 
of  maintenance,  attendance,  repairs,  depreciation,  loss  through  stoppages, 
etc.,  all  have  to  be  considered,  as  is  the  case  in  most  stationary  work,  in 
estimating  the  real  commercial  economy,  it  is  doubtful  whether  even 
the  most  up-to-date  stationary  engineering  will  adopt  the  extremely 
high  pressures  used  by  marine  engineers  for  the  sake  of  maximum  steam 
economy  as  such,  and  as  distinguished  from  all-round  economy,  though 
probably  superheating  will  continue  to  increase  in  favour.  In  a  recently 
published  pamphlet  giving  the  result  of  two-cylinder-compound  engine 
trials,  Messrs.  Hick,  Hargreaves  &  Co.,  of  Bolton,  say — 

"At  the  present  time  there  is  a  strong  and  increasing  tendency  towards  compound 
engines  working  at  a  high  boiler  pressure  (about  160  Ibs.),  in  preference  to  triple 
and  quadruple  expansion  engines  for  mill  work.  .  .  .  Experience  has  shown  that 
whilst  two  cylinder  compound  engines  have  great  advantages  in  the  way  of  sim- 
plicity and  reliability,  they  can  compete  very  closely  even  in  steam-engine  economy 
per  I.H.P.  with  the  best  triple-expansion  engines,  and  that  they  actually  afford  the 
least  expensive  and  most  satisfactory  method  of  driving  a  factory  when  all  the  items 
of  expense  are  taken  into  account.  The  use  of  superheating  will  tend  strongly  in 
the  same  direction  by  reducing  the  loss  by  cylinder  condensation,  the  reduction  of 
which  is  the  one  excuse  for  multiplying  the  stages  of  expansion  in  separate 
cylinders.  Mill  engines  are  fitted  with  valve  gear  capable  of  giving  any  desired 
ratio  of  expansion  in  each  cylinder.  This  factor  is  frequently  overlooked  when 
comparing  mill  engines  with  marine  engines,  in  which  the  valve  gear  employed  will 
only  allow  of  a  limited  amount  of  expansion  in  any  one  cylinder." 

An  investigation  was  recently  (1897)  carried  out  by  Mr.  Dugald 
Drummond  on  "the  use  of  progressive  high-pressures  in  non-compound 
locomotive  engines,"  to  ascertain  the  increase  of  efficiency  derived  from 
raising  the  boiler  pressure.  The  following  table  shows  some  of  the 
results  obtained : — 


Original  pressure. 

Raised  to 

Gain  per  cent,  steam- 
consumption. 

Ibs.  per  sq.  in. 

Ibs.  per  sq.  in. 

140 

160 

11  to  13 

150 

175 

15 

150 

200 

31 

175 

200 

11-92 

As  already  pointed  out,  the  numerical  value  of  the  thermal 
efficiency  obtained  by  increasing  initial  pressures  is  proportional  to 
the  range  of  temperature  worked  through  by  the  engine  divided  by  the 

1  Proc.  Inst.  C.E.,  vol.  cxxvii.  p.  225. 
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initial  temperature  (absolute).  Also  the  initial  temperatures  do  not 
increase  at  the  same  rate  as  the  pressures;  on  the  contrary,  while -the 
initial  pressures  rise'  very  rapidly,  the  temperature  increase  is  com- 
paratively small,  especially  so  at  the  higher  pressures.  Thus,  for  steam 
at  170  Ibs.  absolute  pressure,  the  temperature  is  368°  Fahr.,  while  for 
steam  at  250  Ibs.  absolute  pressure  the  temperature  is  400°  Fahr.  If 
in  both  cases  the  steam  is  exhausted  at  a  temperature  of  150°  Fahr., 
which  is  equivalent  to  a  pressure  of  about  4  Ibs.  absolute,  then  it  will 
be  seen  by  measurement  from  Fig.  357  that  in  the  case  of  the  170  Ibs. 
initial  pressure  the  B.T.U.'s  per  I.H.P.  per  minute  required  for  the 
ideal  engine  =  175,  and  for  250  Ibs.  pressure  the  B.T.U.'s  =  160,  that 

is,  a  gain  of  — X  100  =  8*6  per  cent.,  or  in  practice  a  gain  of 

l/o 

about  6  per  cent,  of  heat  expended  per  I.H.P.,  for  an  increase  of  47  per 
cent,  in  the  steam-pressure,  which  gain  seems  hardly  likely  to  tempt 
engineers  in  the  direction  of  an  indefinite  increase  of  pressure  from  the 
point  of  view  of  economy  of  heat,  especially  when  the  higher  pressures 
are  accompanied  by  difficulties  such  as — 

(1)  Increased  strength,   weight,  and  initial  cost  of  boilers,  steam- 
pipes,  engine  cylinders,  and  fittings. 

(2)  Increased   losses   by   radiation    throughout    the    whole    plant, 
including  boiler,  steam-pipes,  and  engines. 

(3)  Increased  cost  for  repairs  and  maintenance. 

But,  as  already  stated,  there  are  other  considerations,  besides 
thermal  efficiency,  which  leads  to  the  adoption  of  the  highest  steam- 
pressures,  especially  that  of  the  increase  of  power  per  unit  weight  of 
engines,  which  follows  the  increase  of  steam-pressure.  For  it  will  be 
remembered  that  in  a  given  engine  the  power  increases  directly  in 
proportion  to  the  increase  of  initial  pressure,  the  point  of  cut-off  in  the 
first  cylinder  being  assumed  constant. 

Hence  the  reason  for  providing  warships,  for  example,  with  the 
highest  available  working  pressure  regardless  of  difficulties. 

Reduction  of  Pressure  by  Reducing-Valves. — It  is  now  usual 
in  water-tube  boilers  to  reduce  the  pressure  from  300  Ibs.  in  the 
boiler  to  250  Ibs.  at  the  engine.  This  permits  of  the  initial  pressure 
on  the  engine  being  kept  more  consistently  constant  than  would 
be  the  case  if  there  were  no  reducing-valve  between  the  boilers 
and  the  engine  :  it  is  also  equivalent  to  increasing  the  volume  of 
the  steam  space  of  the  boiler  without  increasing  the  size  of  the 
boiler.  It  is  often  stated  that  this  wire-drawing  of  the  steam, 
by  reducing  the  pressure  from  300  to  250  Ibs.  per  square  inch,  is 
a  convenient  means  of  supplying  superheated  steam  to  the  engines. 
But  unless  the  steam  supplied  by  the  boiler  is  perfectly  dry,  or 
nearly  so,  which  is  a  large  assumption,  there  can  be  no  super- 
heating:  thus,  the  total  heat  of  steam  at  300  Ibs.  pressure  =  1209'3, 
and  at  250  Ibs.  pressure  =  1204-2 — that  is,  5'1  units  of  heat  are 
liberated  when  the  steam  is  wiredrawn  from  300  Ibs.  to  250  Ibs. 
pressure.  Assuming  the  boiler  steam  to  contain  2  per  cent,  of 
moisture,  then  on  passing  through  the  reducing-valve  the  liberated 
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heat-units  will  evaporate  -=-   Ibs.  of   water  (moisture)  into  steam, 

where   L  =  latent   heat  per    pound    of  steam  at   250  Ibs.  pressure. 
5-1 
otm.-  =  0  006  Ib.  of  water  evaporated.     Therefore   the  steam  wetness 

is  now  reduced  from  0'02  Ib.  per  pound  to  (0-02  —  O'OOG)  Ib.  per 
pound,  or  the  wetness  is  reduced  from  2  per  cent,  to  1*4  per  cent. 
But  there  has  been  no  superheating  of  the  steam. 

If  the  steam  from  the  boiler  were  perfectly  dry,  then  on  passing 
through  the  reducing-valve  from  300  to  250  Ibs.  pressure  5'1  units 
of  heat  are  liberated,  and  taking  0.48  as  the  specific  heat  of  steam, 
then  5*1  -^0-48  =  10*6  degrees  of  superheat. 

Steam-consumption.    The  Willans  Straight-line  Law. — It  was  first 
pointed  out  by  P.  W.  Willans  that  if  the  total  steam-consumption  per 
hour  of  a  throttling  or  constant 
expansion    engine  be   plotted         Jo 
as  ordinates  on  a  horse-power         2 
or    mean-pressure    base,     the         ^ 
result    is   an  oblique  straight         3 
line,    as   shown    in   Fig.    359.         ^ 
That   this   must    be   so   theo-         xi 
retically  will  be  obvious  from        5 
the  following  illustration.  5 

In  Fig.   360  cut-off  at  0-5  . 

or  two    expansions   is   taken,     r 
and  an  initial  pressure  of  90   ^ 
Ibs.     The  mean  pressure  is  = 
76*2    Ibs.    (found    by     means 


ABS.  MEAN  PRESSURE 

FIG.  359. 


B 


of  the    formula  pm  =  p 


—      yp-  OQ 


f.ermjna;[  pressure  js 


45.     At  an  initial  pressure  of  45  Ibs.  the  mean  pressure  is  38*1  Ibs., 
and  the  terminal  pressure  22-5  Ibs. 

In  Fig.  361,  the  terminal  pressures  are  set  up  vertically  as  ordinates, 
and  the  mean  pressures  are  drawn  horizontally  as  abscissae  ;  and  the 


45 


FIG.  360. 
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intersections  give  the  straight  line  of  steam-consumption  oa,  because 
the  steam-consumption  per  stroke  is  proportional  to  the  terminal 
pressure  in  theoretical  engines. 
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If  the  term  I.H.P.  be  substituted  for  "  mean  pressure,"  as  may  be 
done  when  the  speed  of  any  given  engine  is  constant  at  all  powers, 


MEAN  PRESSURE 

FIG.  362. 

then  it  may  be  stated  that  the  total  weight  of  steam  used  varies 
directly  as  the  I.H.P.,  or,  in  other  words,  the  weight  of  steam  per 
I.H.P  is  constant  at  all  powers  when  back  pressure,  friction,  and  all 
other  losses  are  neglected. 

The  oblique  straight  line  obtained  by  plotting  the  steam-consump- 
tion as  explained  above  would  not  be  quite  straight,  but  slightly 
curved  if  adiabatic  expansion  had  been  used,  instead  of  hyperbolic. 
By  choosing  various  cut-off  points  a  series  of  oblique  lines  may  be 
drawn  (Fig.  362),  each  separate  straight  line  representing  the  steam- 
consumption  for  a  separate  fixed  cut-off  with  variable  initial  pressure 
at  that  cut-off. 

The  Curve  of  Steam-consumption  for  Variable  Expansion. — If  a  scale 


MEP 

FIG.  363. 


FIG.  364. 


of  absolute  initial  steam-pressures  be  marked  along  the  oblique  lines 
in  each  case,  and  a  free  curve  be  drawn  by  joining  the  corresponding 
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pressure-points  on  the  respective  oblique  lines,  then  the  curves  ob- 
tained will  give — by  an  ordinate  measured  to  them  from  the  base — 
the  steam-consumption  for  a  variable  cut-off  with  a  constant  initial 
pressure ;  thus  Fig.  363,  line  Oa  is  drawn  as  a  line  of  steam -con- 
sumption for  a  cut-off  in  the  cylinder  at  0'6,  and  at  various  initial 
pressures ;  line  Ob  is  drawn  similarly  for  a  cut-off  at  0'4 ;  and  line 
Oc  for  a  cut-off  at  0'2,  and  a  pressure  scale  is  marked  upon  each 
line  respectively.  By  joining  .points  a,  b,  c  at  the  common  pressure- 
points  of  90  Ibs.,  a  curve  of  steam-consumption  abc  is  obtained. 
If  the  vertical  ordinate  be  measured  to  the  curve  for  any  point  of 
cut-off  from  0'2  to  0'6  of  the  stroke,  the  total  steam-consumption 
is  obtained  at  a  constant  initial  pressure  of  90  Ibs.  per  square  inch. 
The  same  result  may  be  obtained  by  measurement  from  a  theoretical 
indicator  diagram,  as  follows : — 

Draw  indicator  diagrams  (Fig.  364)  showing  the  variable  expansion- 
curves  for  constant  initial  pressure  with  cut-off  at  0'2,  0'4,  0'6  of  the 
stroke,  and  find  by  measurement  or  calculation  the  mean  pressure  for 
each  case  reckoned  to  zero  back  pressure. 

Then    plot   on  squared  paper  the  terminal  pressures   as  ordinates, 
and  the  mean  pressures  as  abscissae  (Fig.  365).     The  terminal  pressures 
are  proportional  to  the 
weight     of     steam    ex-        ^A 
hausted,  and  the  verti- 
cal  scale   may  thus  be    ^ 
made  to  represent  steam-    CO 
consumption.  36 

Thus     in    Fig.    364,    5 
with   cut-off  at    0*6    of    £ 
the    stroke,    the    mean    «/) 
pressure    is    81 '7    Ibs.,    ^  18 
and  the  terminal  pres-    H 
sure  54  Ibs. ;  at  points    |— 
of   cut-off  0-4   and    0'2 
the  mean  pressures  are 
69  and  47  respectively, 
and  the  terminal  pres- 
sures 36  and  18. 

In  Fig.  365  the  mean  pressures  are  plotted  on  a  base-line,  and  the 
terminal  pressures  on  the  vertical  scale  to  represent  proportional 
steam-consumption.  By  joining  the  intersections  of  the  corresponding 
mean  and  terminal  pressures,  the  curve  abc  is  obtained  as  before 
(Fig.  363). 

It  will  be  seen  that  this  curve  falls  below  the  straight  line  oa, 
joining  the  origin  o  with  the  point  a  of  maximum  power,  and  if  an 
ordinate  be  measured  from  the  base-line  at  a  given  mean  pressure, 
the  vertical  height  measured  to  the  curve  is  less  than  that  measured 
to  the  straight  line  oa,  and  the  difference  between  the  two  heights 
is  the  relative  difference  between  the  total  steam-consumption  under 
the  two  systems  ;  the  straight  lines  representing  the  varying  steam- 


47 

FIG.  365. 
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consumption  at  fixed  points  of  cut-off,  when  the  power  is  regulated 
by  throttling,  either  by  hand  or  by  a  governor  ;  and  the  curve  repre- 
senting the  steam-consumption  at  constant  initial  pressure  when  the 
power  is  regulated  by  varying  the  point  of  cut-off  by  hand  or  by  a 
governor. 

In  the  same  way,  lines  and  curves  have  been  drawn  (Fig.  366) 
showing  the  relation  between  the  steam-consumption  when  the  two 
methods  of  varying  the  power  are  compared.  Thus,  taking  three 
different  cases  of  constant  cut-off  engines,  namely,  two,  six,  and  four- 
teen expansions  respectively,  and  comparing  them  with  three  variable 
expansion  engines  having  the  same  cut-off  at  maximum  power.  If 
each  starts  with  the  same  initial  pressure  and  the  same  cut-off,  as  at 
d,  e,  and  /,  and  the  mean  pressure  is  reduced  (in  the  straight-line 
or  throttling  engine,  by  reducing  the  initial  pressure ;  and  in  the 
variable  expansion  engine  by  keeping  the  initial  pressure  constant 
and  increasing  the  number  of  expansions),  then  if  the  absolute 
terminal  pressure  of  the  theoretical  indicator  diagram,  or  the  steam- 
consumption  per  stroke,  be  set  up  as  verticals,  it  will  be  found  that 
their  height  is  less  with  the  variable  expansion  than  with  the 
throttling  engine. 

It  will  be  seen  by  the  figure  (Fig.  366)  that  the  difference  is  much 
greater  for  the  simple  two-expansion  engines  than  for  engines  with 


1000 


800 


600 


S400 


200 


10  20  30  40 

MEAN  PRESSURE 

FIG.  366. 


50 


60 


many  expansions,  such  as  triple-expansion  engines,  in  which  the  possible 
difference  between  the  two  systems  of  regulating  the  power  is  small, 
as  seen  by  the  nearness  of  the  curve  to  the  straight  line  of. 

If  the  engine  considered  is  a  theoretical  non-condensing  engine, 
then  the  oblique  line  OM  (Fig.  359)  is  the  line  of  steam-consumption; 
and  OA  is  the  back  pressure  of  the  atmosphere.  In  practical  cases 
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the    length    OA   represents   the     equivalent   loss   of    effective    mean 
pressure  due  to  back  pressure,  condensation,  leakage,  radiations,  etc. 

Taking  now  a  practical  case  in  which  the  friction  of  the  engine 
is  included. 

It  will  be  noticed  that  in  the  theoretical  cases  taken  so  far,  all 
the  throttling  straight  lines  and  all  the  variable  expansion-curves 
pass  through  the  origin  O  of  the  diagram ;  that  is  to  say,  in  a 
theoretical  engine  there  is  zero  steam-consumption  at  zero  mean 
pressure. 

But  in  practice   that  is  not 
the    case,  and    if    the    oblique     § 
line    drawn    from     an    actual     g 
engine    test    be    produced,    it    Q; 
will    be    found    not    to    pass    ^J 
through    the  origin  0,  but  to    2£ 
cut  the  vertical    line   at  some    2 
point  above  it,  which  will  re-    j— 
present   to    scale    the    steam-     _, 
consumption   of  the  engine  at    ^ 
zero  mean  pressure.     The  Wil-     O 
lans  oblique  line  for  an  actual         A 
throttling     engine    takes    the        Ci 
form  of —  v 

W  =  a  +  6P 


HORSE  POWER 

FIG.  367. 


where  W  is  the  total  weight 
of  steam  used  per  hour ;  P  is  the  indicated  horse-power  ;  a  is  the 
weight  of  steam  used  at  zero  mean  pressure,  and  depends  upon  the 
extent  of  the  back  pressure  and  on  the  losses  inherently  due  to 
the  engine  itself  while  running ;  b  is  a  constant,  depending  also  on 
the  type  of  engine. 

It    will    thus    be    understood 
that    with   a    throttling    engine 
the  full   load   is   the  most  econo-    ID 
mical  load,  because  the  effect  of    £ 
the  constant  a  is  proportionally    cc 
less  at  high  powers,  and  that  as    Q- 
the  power  of  a  throttling  engine    -^ 
is  reduced,  the    consumption   of    £j 
steam    per    horse-power    is    in-    co 
creased.  ^ 

If  the  actual  consumption  lines    £j 
be  plotted  for  an   engine  work-    h- 
ing   through    its    full    range   of 
power,  first  with  variable  initial      0 
pressure,     and      secondly     with 
variable    cut-off    and     constant 
initial  pressure,   it  will  be    seen 
that  over  a  certain  range,  mn  (Fig. 


HORSE  POWER 

FIG.  368. 

367),  the  variable  expansion  is 
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the  more  economical ;  but  if  the  cut-off  is  carried  beyond  a  certain 
point,  m,  the  throttling  method  becomes  the  more  economical  of  the 
two. 

To  find  the  mean  pressure  corresponding  with  the  lowest  steam- 
consumption  per  I.H.P.,  draw  a 
tangent,  Oc,  to  the  curve  of 
steam  -  consumption  from  the 
point  O ;  then  a  vertical,  cd, 
through  the  point  of  contact 
gives  by  its  intersection  with  the 
horizontal  base  the  mean  pressure, 
od,  required  ;  that  is,  (cd  -f-  od\ 
or  (steam-consumption-^ I.H.P.), 
is  a  minimum  when  the  power  is 
represented  by  od. 

To  find  the  mean  pressure 
corresponding  with  the  lowest 
steam-consumption  per  B.H.P., 
which  is  usually  more  important 

jjiIG   3(59  to  know  than  that  for  the  I.H.P. 

Let  AB  (Fig.  369)  be  the  curve 

of  total  steam-consumption  for  the  engine,  and  let  Om  represent  to  the 
scale  of  mean  pressure  the  pressure  required  to  drive  the  engine  itself. 
From  point  m  draw  a  tangent  me  to  the  curve  ;  then  ef  is  the  most 

NON-CONDENSING 
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economical  mean   pressure  to  adopt  when  considered    with    reference 
to   the    brake  or    effective  horse-power,  while   if  only    the   indicated 
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horse-power  had  been  considered,  a  lower  mean  pressure  would  have 
been  chosen. 

Such  a  diagram  shows  why,  in  electrical  work,  the  rated  mean 
effective  pressure  is  always  chosen  high,  namely,  from  40  to  45  Ibs. 
per  square  inch  referred  to  the  low-pressure  piston,  the  reason  being 
that  when  the  most  economical  point  is  considered  with  reference  to 
the  effective  horse-power,  instead  of  the  indicated  horse-power,  it  is 
found  possible  to  work  economically  at  the  higher  mean  pressures, 
and  the  advantage  of  doing  so  is  that  the  same  power  may  be  ob- 
tained with  a  smaller  engine,  and  therefore  also  one  which  may  be 
run  at  higher  rotational  speeds. 

In  mill  engines  the  rated  mean  effective  pressure  is  usually  about 
28  Ibs.,  but  there  is  a  tendency  all  round  in  the  direction  of  raising 
the  value  of  the  rated  mean  pressure. 

CONDENSING 
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Curves  of  Steam-consumption  per  I.H.P.  per  Hour. — The  effect  on 
the  rate  of  steam-consumption  of  various  changes  in  the  conditions  of 
working  may  be  best  shown  by  plotting  curves  of  engine  performance 
as  shown  in  Figs.  370  and  371.  These  figures  show  the  relative  per- 
formance of  simple,  compound,  and  triple  engines,  condensing  and 
non-condensing,  and  they  should  be  carefully  studied  by  the  student. 
The  data  for  these  curves  have  been  taken  from  the  Willans  trials.1 

Fig.  372  shows  the  characteristic  curves  of  steam-consumption  for 
engines  of  various  types  and  various  degrees  of  loading,  the  fractions 
along  the  base-line  representing  the  proportion  of  the  rated  load  at 
which  the  engine  is  worked.  The  rated  load  is  the  load  at  which  the 
engine  gives  the  best  all-round  results,  the  principal  factor  in  the  problem 
1  Proc.  Inst.  C.E.,  vols.  xciii.  and  cxiv. 
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being  the  maximum  economical  working  load.     Usually  engines  may 
be  worked  about  25  per  cent,  above  this  load  as  a  maximum. 

The  load-factor  is   the  ratio  of   the  average  working    load  to  the 
maximum  working  load. 
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The  following  results  of  a  series  of  trials  with  a  Westinghouse  com- 
pound short-stroke  engine    were  given  by   Mr.  Arthur  Bigg.1     The 
cylinder  diameters  were  14  in.  and  24  in,  with  a  14-in.  stroke;  cranks 
opposite ;  revolutions  290  per  minute ;  variable  expansion  governor. 
WATER-CONSUMPTION  PER  BRAKE  HORSE-POWER. 
Condensing. 


1 

2 

3 

4 

5 

6 

Brake  H  P 

Average  pres- 

Boiler-pressure,  pounds  per  square  inch. 

square  inch. 

120 

100 

80 

60 

Ibs. 

Ibs. 

Ibs 

Ibs. 

200 

50-0 

19-62 

22-53 

160 

40-0 

18-86 

20-02 

23-17 



130 

32-0 

18-38 

19-56 

21-32 

24-30 

100 

25-0 

1914 

19-44 

20-34 

20-10 

70 

17-5 

19-80 

20-05 

21-43 

22-57 

40 

10-0 

22-90 

23-12 

24-75 

22-55 

Proc.  Inst.  C.-E",  vol.  cxiv. 
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1 

2 

3 

4 

5                        6 

Average  pres- 

Boiler  pressure,  pounds  per  square  inch. 

square  inch. 

120 

100 

80 

60 

Ibs. 

Ibs. 

Ibs. 

Ibs. 

200 

50-0 

23-91 

— 

— 

— 

160 

40-0 

23-50 

25-20 



— 

130 

32-0 

24-32 

2642 

27-70 



100 

25-0 

25-57 

27-75 

29-80 

— 

90 

23-0 

26-51 

28-30 

29-80 

31-70 

70 

17-5 

29-40 

30-77 

32-48 

36-00 

40 

10-0 

40-05 

39-30 

42-75 

45'82 

From  a  paper  l  by  Mr.  Henry  Davey,  read  before  the  Institution  of 
Civil  Engineers,  the  following  average  results  of  long-stroke  engines 
using  saturated  steam  are  deduced — 


Initial 
pressure. 

Ratio  of 
expansion. 

Steam  per 
I.H.P.  per  hour. 

B.T.U.  per 
I.H.P.  per  min. 

Single  cylinder  condensing  ... 
Compound  condensing  engines 
Triple-expansion  engines 

76-7 
84-3 
138-3 

3-95 
7-73 
14-51 

23-51 
18-53 
14-88 

432 

358 

288 

Thermal  efficiency  of  the  triple-expansion  engines=42'42-r-288  X  100=14-7  per  cent. 

Performance  of  Engines  using  Highly  Superheated  Steam.— The 
following  steam -consumption  is  guaranteed  by  the  Schmidt  Stationary 
Engine  Co.,  London,  the  temperature  of  the  steam  employed  in  all 
cases  being  350°  C.,  or  662°  F. 


Type  of  engines. 

Indicated  horse- 
power. 

Pounds  of  feed- 
water  per  I.H.P. 
per  hour. 

B.T.U.  per 
I.H.P.  per  min., 
feed  temp.  100°  F. 

Single  cylinder  double-acting  non-  } 
condensing                                         j 

50  to  300 

16-8  to  15-5 

403  to  373 

Single  cylinder  double-acting  con-  1 

50  to  300 

13-5  to  12-4 

325  to  298 

densing                                               / 

Compound  double-acting  condensing 
Single  crank  single-acting  tandem  } 
compound  condensing                      j 

50  to  800 

50  to  350 

11-5  to  9-8 
11  to  10 

277  to  236 
265  to  241 

NOTE.— In  each  case  the  consumption  of  steam  decreases  as  the  power  increases. 

The  effect  of  speed  of  rotation  on  economy  is  to  somewhat  reduce 
the  weight  of  steam  used  per  indicated  horse-power  per  hour  as  the 
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speed  of   rotation   increases.     This  is   probably  due   to   the   reduced 
loss  by  cylinder  condensation  at  high  speeds. 

The  following  results  are  from  experiments  by  P.  W.  Willans  : l — 


Revolutions  per  minute 
Steam  per  I.H.P.  per  hour 


401 
17-3 


301 
17-6 


198 
18-9 


116 
20-0 


DRAIN  TO  CONDENSER 


FIG.  373. 

The  Cornish  Cycle.2 — In  the  Cornish  single-acting  pumping-engine 
(see  Fig.  373),  the  steam  passes  into  the  cylinder  through  valve  A,  and 
acts  on  the  top  of  the  piston  to  drive  it  downwards,  valve  B  being 

1  Proc.  Inst.  C.E.,  vol.  cxiv. 

2  See  a  paper  by  Mr.  Henry  Davey  on  the  Birmingham  Waterworks,  Proc.  Inst. 
Mechanical  Engineers,  1897,  p.  297. 
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closed ;  the  space  below  the  piston  being  at  the  same  time  in  com- 
munication with  the  condenser  through  the  valve  C. 

At  the  end  of  the  down-stroke  the  valve  B  opens  to  exhaust,  and 
the  valves  A  and  C  are  closed.  The  steam  now  passes  from  above 
the  piston  to  the  space  below  the  piston  through  the  valve  B,  and  not 
directly  to  the  condenser. 

The  piston  then  ascends  in  a  condition  of  equilibrium. 

The  reason  for  the  economy  obtained  by  this  arrangement  is  that 
the  clearance  surface  above  the  piston  is  never  put  in  direct  com- 
munication with  the  condenser,  the  range  of  temperature  above  the 
piston  being  from  admission  to  release  only,  while  below  the  piston 
the  range  of  temperature  is  from  release  to  exhaust,  the  fall  of 
temperature  from  admission  to  exhaust  thus  occurring  in  two  stages. 
This  cycle  is  now  adopted  by  some  single-acting  high-speed  engine 
makers,  notably  in  the  Willans  engine. 

Economy  Guarantees. — Considering  that  the  steam  used  by  an  engine 
each  year  often  costs  as  much  as  the  initial  cost  of  the  engine  itself ; 
also  that  the  difference  in  weight  of  steam  consumed — and  therefore 
of  coal  burned — in  power  plants  by  different  makers,  may  be  as  great 
as  100  per  cent.,  the  importance  of  obtaining  guarantees  of  steam 
economy  will  be  very  obvious. 

It  must  be  remembered,  however,  that  the  results  of  the  trials  of 
engines  and  boilers,  when  new  from  the  hands  of  the  makers,  will  not 
usually  be  repeated  in  ordinary  working  practice,  owing  unfortunately 
to  the  various  sources  of  loss  of  efficiency  which  occur  unless  exceptional 
attention  is  paid  to  detail.  It  would  be  safe  to  allow  a  margin  of  at 
least  25  per  cent,  between  the  makers'  tests  and  the  actual  working 
performance  of  the  plant.  This  margin  represents  the  sum  of  a  large 
number  of  small  but  more  or  less  preventible  losses  which  occur  in 
power  plants,  and  the  extent  of  the  reduction  of  which  is  a  measure 
of  the  intelligence  and  skill  of  the  operating  staff, 


CHAPTER   XXL 

TYPES  OF  STEAM-ENGINES— THE  MILL  ENGINE. 

Horizontal  and  Vertical  Engines.— The  choice  of  type  depends  in 
some  measure  on  the  space  at  disposal  in  which  the  engine  is  to  be 
fixed,  and  also  on  the  speed  of  rotation  desired. 

Where  floor  space  is  limited,  and  height  will  permit,  the  vertical 
type  is  the  only  alternative  ;  but  where  space  is  not  so  limited,  the 
question  of  speed  of  rotation  desired  will  more  probably  decide  the 
type,  for  slow  speeds  the  horizontal  being  generally  preferred. 

The  horizontal  type  is  more  convenient  of  access,  while  the  vertical 
is  often  most  inconvenient  in  this  respect.  The  stresses  are  spread 
over  a  larger  floor  area  in  the  horizontal  type,  and  the  engine  is  there- 
fore more  likely  to  be  free  from  vibration. 

It  is  usually  more  difficult  to  keep  vertical  engines  clean,  because 
of  leakage  of  water  and  oil  from  stuffing-box  glands  and  other  parts 
falling  directly  among  the  working  parts. 

Vertical  engines  are  lighter  for  the  same  power,  because  they  are 
made  of  a  shorter  stroke,  and  run  at  a  higher  rotational  speed  than 
horizontal  engines. 

In  horizontal  engines  the  cylinders  are  liable  to  wear  down  and  to 
become  oval  in  consequence  of  the  weight  of  the  piston  wearing  a 
bed  for  itself  on  the  bottom  of  the  cylinder.  This  objection  is  absent 
in  vertical  engines,  though  of  course  the  weight  is  carried  on  the 
crank-pin  instead.  To  reduce  the  wear  in  horizontal  cylinders,  the 
piston  is  sometimes  supported  by  a  tail-rod,  which  is  a  prolongation  of 
the  piston-rod  carried  out  through  the  back  cover. 

With  the  long-stroke  horizontal  engine  extreme  care  must  be 
taken  in  the  construction  of  the  foundation,  to  ensure  the  prevention 
of  uneven  "settling  down." 

For  engines  of  large  power  in  electric  light  and  traction  stations  the 
vertical  type  is  now  almost  exclusively  employed. 

The  Horizontal  Mill  Engine.— Figs.  374  and  382  give  details  for 
a  horizontal  trip-gear  engine,  15-in.  diameter,  36-in.  stroke,  suitable 
for  a  working  pressure  of  100  Ibs. 

The  steam  admission  is  affected  by  double-beat  drop  valves  A, 
operated  by  a  detachable  trigger,  the  point  of  release  being  determined 
by  the  governor. 

The  exhaust  valves  B  are  of  the  double-beat  type,  worked  by  a 
cam  on  the  side  shaft  C. 

The  cylinder  is  a  cored  casting  of  tough  cast  iron,   which  must  be 
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free  from  blow-holes  and  other  imperfections,  and  has  suitable  recesses 
into  which  the  steam  and  exhaust  valve  seats  are  forced. 

The  steam  is  admitted  by  the  side  and  at  the  centre  of  the  cylinder, 
and  passes  up  a  belt  to  the  steam-passage  on  the  top  of  the  cylinder, 
which  again  communicates  with  the  steam-valves  A  at  either  end. 


FIG.  374. 

When  the  steam  is  exhausted  from  the  cylinder  it  escapes  into  a 
cored  chamber,  D,  common  to  both  exhaust  valves,  and  from  thence  to 
the  exhaust  pipe. 

A  separate  working  barrel  or  liner,  E,  is  forced  into  the  cylinder 
casing.  The  parallel  part  is  ~  in.  larger  at  one  end  than  at  the  other, 
to  facilitate  putting  in  and  fixing  of  the  barrel. 
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The  valve  seats  and  valves  are  cast  off  a  specially  strong  hard  mixture 
of  cold-blast  and  hematite  irons. 

The  upper  and  lower  beats  of  valve  faces  are  tangents  to  two  spheres, 
which  have  their  common  centre  in  the  point  of  suspension  (see  Fig. 
376).  The  effect  of  this  special  arrangement  of  valve  seats  is  to 
maintain  true  contact  between  valves  and  seats.  When  the  valve 


FIG.  375. 


seats  are  both  the  same  angle,  the  lower  valve  seat  wears  larger  than 
the  valve  and  causes  leakage. 

It  is  usual  to  finally  grind  the  valve  seats  together  when  they 
have  been  heated,  so  as  to  make  them  steam-tight  after  they  have 
been  expanded  by  the  hot  steam.  All  castings  have  more  or  less 
internal  stress  in  them  as  delivered  from  the  foundry,  and  when 
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such  castings  are  subjected  to  heat,  they  sometimes  twist  and  go  out 
of  shape. 

In  small  castings  it  is  possible  to  get  rid  of  the  initial  stress,  by 
placing  them  in  a  furnace  and  heating  them  to  a  blood-red  heat, 
closing  the  dampers  and  leaving  the  furnace  and  castings  to  slowly 
cool  together. 

Where  castings  cannot  be  so  heated,  it  is  very  necessary  to  care- 
fully examine  and  "let  down"  the  wearing  parts  which  are  to  be  a 
working  fit  under  steam  pressure  and  temperature,  and  with  more 
complicated  valves,  this  must  be  done  several  times  before  the 
necessary  steam-tightness  is  attained. 

The  steam-jacket  is  supplied  with  high-pressure  steam  by  a  small 
steam-valve  placed  alongside  of  the  stop-valve,  and  the  condensed 
water  is  drained  through  a  passage  (drilled  at  right  angles)  which 
connects  the  lowest  point  of  the  jacket  to  a  suitable  facing  on  the 
side  of  the  exhaust  passage  on  the  underside  of  the  cylinder. 

The  cylinder  is  automatically  drained  by  the  separate  exhaust 
valves  each  exhaust  stroke,  and  in  order  to  prevent  the  danger  of  an 
excess  of  water  under  pressure  trapped  between  piston  and  cover 
when  the  exhaust  valves  have  closed,  relief  valves  are  fitted  to  each 
end  of  the  cylinder. 

A  sight-feed  lubricator,  F,  is  provided,  and  connected  to  the  steam- 
supply  passage. 

The  cylinder  is  coated  with  a  fibrous  non-conductor,  such  as 
asbestos  or  slag  wool,  and  cased  in  sheet  steel  secured  by  screws 
fitting  under  the  cylinder  cover  and  stuffing  box  as  shown. 

The  cylinder  cover  is  a  strongly  ribbed  casting,  having  proper 
recess  for  piston  nut  and  giving  -^  in.  clearance.  A  polished  cover 
is  fitted,  which  forms  an  efficient  air-jacket  and  helps  to  keep  the 
lagging  in  place. 

The  lifting  lever  of  the  steam-valve  is  fitted  with  a  hardened-steel 
tip,  which  is  engaged  by  the  trigger-piece  H,  provided  with  similar 
hardened-steel  tip.  The  maximum  amount  of  contact  is  -~  in.,  and 
is  determined  by  an  extending  tail,  T,  which  limits  the  extent  of 
engagement. 

The  motion  to  lift  the  steam-valve  is  derived  from  an  eccentric 
mounted  on  a  side  shaft,  C,  driven  by  bevil  gears  from  the  crank- 
shaft. The  upper  end  of  the  eccentric-rod  is  connected  by  two 
side  links,  MN,  to  the  lifting  lever-pin  (see  Fig.  374),  and  when 
the  trigger  is  engaged,  the  lifting-lever,  trigger,  and  side  links  form  a 
locked  triangle.  The  upper  portion  of  the  trigger  is  curved  towards 
the  buffer-box  K,  and  rides  under  a  detaching  pad,  which  is  formed 
on  the  detaching  lever  J,  keyed  on  the  cut-off  spindle  L. 

The  cut-off  spindle  is  arranged  to  give  the  lever  J  a  movement 
approximately  the  same  in  direction  as  the  tail  of  the  trigger  T,  and 
the  inclined  tail  runs  under  the  detaching  pad  and  detaches  the 
trigger  from  the  valve-lifting  lever. 

In  all  mechanical  cut-off  gears  it  is  of  the  highest  importance  for 
the  governor  to  regulate  the  point  of  cut-off  with  the  smallest  possible 
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resistance  to  its  movement  from  the  gear  itself,  and  it  should  be  free 
to  adjust  its  position  during  steam   admission.     The  above  arrange- 
ment is  a  good  example  of  a  detach- 
,  ing-valve  gear,  suitable  for  governing 

on  a  low  percentage  of  variation. 

The  steam-valve  spindle  is  ex- 
tended beyond  the  lever  attachment, 
and  is  connected  to  a  piston  having 
turned  Kamsbottom  grooves  (not 
rings)  fitting  in  an  air-buffer  box. 
The  piston  has  about  -^  in.  clearance 
when  the  valve  is  seated.  When 
the  valve  is  lifted  the  piston  draws 
in  air  freely  through  the  ball-valve 
P  (shown  enlarged,  Fig.  375),  and 
when  the  valve  is  released  the  ball 
seats  itself,  and  the  air  is  forced  out 
through  the  holes  (regulated  in  area 
by  the  fine  screw)  in  the  upper  part 
of  the  air-valve. 

A  spring  is  provided  to  supple- 
ment the  rush  of  the  steam  and 
ensure  the  prompt  closing  of  the 
valve  when  the  lever  is  released. 

By  suitably  regulating  the  air- 
valve,  the  valve  can  be  made  to  seat 
itself  rapidly  and  without  noise. 

An  extension-piece,  Q,  is  made  on 
the  trigger  to  overbalance  the  other 
portions  of  the  trigger  and  ensure 
engagement  with  the  lever. 

A  double  bearing  is  placed  on  the 
side  of  the  cylinder  to  carry  the 
side  shaft  C  driving  the  valve  gear. 

Two  cams   are  used   to  open  the 
exhaust-valves    B,    and    the    springs 
fitted    to   the    extension  of   the   ex- 
haust-valve   spindles     ensure     the 
valves  returning  to  their  seats  when  the  cams  release. 

The  separation  of  the  steam  and  the  exhaust  valves  possesses 
many  advantages ;  it  lends  itself  to  the  perfect  adjustment  of  the 
steam-cycle,  the  exhaust  valve  opening  and  closing  being  no 
longer  inter-dependent  as  in  the  ordinary  slide-valve,  but  the 
compression  and  exhaust  opening  can  be  regulated  independently 
of  each  other. 

Adjustments  are  provided  in  the  steam  and  exhaust  valve  coupling- 
rods  and  also  in  the  valve  spindles,  which  enable  the  lead  and  cut-off 
to  be  varied,  and  the  exhaust  valve  to  be  slightly  adjusted. 

A  lever  and  weight  is  placed   on  the  cut-off  spindle  L  to  ensure 


FIG.  376. 
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FIG.  377. 


FIG.  378. 
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the  trip  being  held  out  of  action  in  the  event  of  any  accident 
happening  to  the  governor  or  driving-gear,  or  when  the  safety  device 
to  stop  the  engine  is  operated. 

The  cylinder  is  securely  seated  on  two  planed  sole-plates  let  down 
on  either  side  of  the  pit  in  which  the  exhaust  valves  work. 

Figs.  378  and  379  show  an  inverted  arrangement  of  the  Hartnell 
spring  governor.  The  bell-cranks  carrying  the  governor-balls  are 
fitted  with  rollers,  A,  in  the  ends  of  the  short  arms,  and  push  on  the 
T-headed  governor  spindle  B.  The  centrifugal  force  of  the  governor- 
balls  has  to  overcome  the  spring  resistance  plus  the  dead  weight  of 


FIG.  379. 

the  complete  head,  which  includes  the  box  surrounding  the  spring 
and  the  double-ended  bracket  carrying  the  centres  of  the  ball  arms. 
A  heavier  governor  is  obtained  by  this  arrangement  than  the 
simple  spring  Hartnell  governor,  which  is  liable  to  hunt  when 
working  on  a  fine  variation. 

The  added  dead  weight  of  the  inverted  head  tends  to  check  the 
inter-revolution  variation  of  the  governor  due  to  the  varying  angular 
velocity  arising  from  irregular  turning  effort  on  the  crank-pin. 

The  governor  spindle  is  of  steel,  and  is  hardened  at  the  bottom 
where  it  rests  on  an  adjustable  toe-piece,  also  hardened. 
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The  governor  is  driven  by  skew-gearing,  the  driving  wheel  of  which 
is  keyed  on  the  side  shaft. 

The   gearing   is  cased  in   and   flooded  with  oil,  so   that   constant 
lubrication  is  ensured. 

A  cast-iron  die-piece  is  held  by  set  screws 
between  the  side  levers,  and  the  governor 
motion  is  transmitted  therefrom  to  the  cut-off 
gear. 

The  communicating  mechanism  between 
the  lifting  levers  C  and  D  and  the  cut-off 
spindle  L  is  arranged  so  that  the  valve  gear 
is  disconnected  from  the  governor  in  the  event 
of  an  accident  happening  to  the  governor,  or 
of  its  being  inoperative. 

When  the  governor  falls  below  its  normal 
working  position,  the  notch  in  the  catch-link 


FIG.  380. 

F  conies  into  contact  with  the  small  inclined  lever  G  and  moves  the 
detaching  lever  so  that  the  trigger  cannot  engage  the  trip  lever,  and 
the  engine  is  stopped. 

Another  lever,  H,  is  also  provided,  to  the  end  of  which  a  cord  is 
attached,  which  is  connected  electrically  or  otherwise  to  the  various 
floors  of  the  mill.  In  the  event  of  urgent  necessity  arising  to  imme- 
diately stop  the  engine,  the  lever  H  is  raised,  and  the  small  knock- 
out lever  J  lifts  the  catch-link  F,  the  weight  falls,  and  the  engine 
stops. 

Fig.  377  shows  the  piston-rod  stuffing-box.  It  is  arranged  with 
the  front  flange  fitting  into  a  bored  portion  of  the  bed,  the  flange 
being  bolted  up  to  the  end  of  the  bed,  thereby  forming  an  efficient 
air-jacket  for  the  front  end  of  the  cylinder.  The  stuffing-box  is  fitted 
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with  a  long  neck  bush  of  brass,  and  the  gland  is  also  brass  bushed. 
The  edge  of  the  flange  projects  over  the  cylinder  and  holds  the  lagging 
in  place. 

Figs.    323    and    324    show   the   girder   bed   for   the   same   engine, 

which  is  cored  out  and 
planed  to  receive  the 
cross-head.  The  flange 
is  faced  for  attachment 
to  the  cylinder.  Suit- 
able facings  are  also 
provided  to  receive  the 
side  shaft  and  governor 
brackets. 

A  large  cast-iron  oil 
receiver  is  sunk  into 
the  ground  to  catch 
all  oil  from  main  bear- 
ings and  crank  disc 
when  standing. 

Bosses  and  facings 
are  provided  to  receive 
the  handrail  and  pillar. 
Fig  380  shows  a 
cast-iron  disc  crank 
which  is  forced  on 
shaft,  and  into  which 
the  crank-pin  is  also 
forced  and  afterwards 
riveted  over.  The 
crank-pin  is  oiled  from 
a  visible  drop  lubri- 
cator, carried  by  a 
column  by  means  of  a 
centrifugal  oiler.  The 
oil  is  applied  in  the 
centre  line  of  the  shaft,  and  flows  outwards  to  the  surface  of  the  pin 
through  the  pipe  by  centrifugal  force. 

The  ball  which  receives  the  oil  is  divided  at  the  centre,  so  that  if 
the  crank  stops  on  its  top  centre  the  oil  will  be  retained  in  the  cavity 
behind  the  rib,  and  not  run  out  on  the  floor. 

Fig.  298  shows  a  piston,  with  studded  junk  plate  designed  for  this 
engine. 

The  studs  have  a  collar,  which  is  let  into  a  recess,  and  a  small  pin 
driven  into  the  side  to  prevent  it  turning. 

The  piston  block  is  coned  on  a  swelled  end  on  piston-rod  with  a 
l-in-8  taper. 

The  rings  are  of  L  section,  and  the  spring  is  of  the  usual  plain  coil  type. 
Fig.  381  shows  the  arrangement  of  side  shaft  driving  in  conjunction 
with  main  girder. 


FIG.  381. 
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The  remaining  details  for  the  same  engine 
the  examples  given  in  the  previous  chapter  on 

Proell  Valve  Gear. — Fig.  382  represents 
fitted  with  the  Proell  valve  gear,  as  made 
Gainsborough.  The  gear  consists  of  two 
valves,  A,  one  to  each  end  of  the  cylinder. 


may  be  completed  from 

Engine  Details. 

a  section  of   a  cylinder 

by  Messrs.  Marshall  of 

equilibrium    admission 

These  are  alternately 


lifted  by  means  of  the  valve  spindles,  which  are  each  connected  with 
trip  levers,  B.  The  trip  levers  are  depressed  by  means  of  the  bell- 
crank  levers  C,  which  hang  on  pins,  PP,  on  opposite  ends  of  the 
rocking-lever  M.  This  rocking-lever  is  keyed  to  the  same  spindle, 
0,  as  the  lever  N,  which  is  driven  by  the  eccentric. 
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The  ends  D  of  the  bell-crank  levers,  projecting  inwards  towards  the 
centre,  are  brought  into  contact  at  each  stroke  with  the  trip  pad  E. 
The  trip  pad  is  connected  with  the  governor  through  the  medium 
of  the  levers  F  and  G  and  the  shaft  H,  and  the  height  of  the  trip  pad 
determines  the  moment  of  cut-off  of  the  steam,  for  as  soon  as  the  end 
D  of  the  bell-crank  lever  reaches  the  trip  pad,  any  further  movement 
of  the  rocking-lever  disengages  the  bell-crank  lever  from  the  trip 
lever  B,  and  the  valve  immediately  closes.  The  closing  speed  of  the 
valve  can  be  very  readily  regulated  by  means  of  the  spring  K,  which 
causes  the  valve  to  close  rapidly  and  quietly.  The  Proell  governor 
to  work  with  this  gear  has  already  been  described  on  p.  217. 


CHAPTER  XXII. 

THE    CORLISS  ENGINE. 

THIS  engine  was  the  invention  of  the  American  engineer  Geo.  H. 
Corliss,  and  first  appeared  in  1850.  It  has  been  much  used  since, 
especially  for  the  larger  sizes  of  high-class  mill  engines  in  all  countries, 
and  very  generally  for  ordinary  mills  and  factories  in  America. 

The  Corliss  valve   gear  possesses   the   following  important  advan- 


1.  Reduced  clearance  volume  and  clearance  surface,  owing  to  the 
shortness  of  the  admission  and  exhaust  passages  obtained  by  placing 
the  valves  close  to  the  ends  of  the  cylinders.     In  such  cylinders  the 
clearance  will  vary  from  3  to  5  per  cent,  of  the  piston  displacement. 

2.  Separate    valves   are    used   for   steam    and    exhaust,   the   steam- 
valves  being  at  the  top  corners  of  horizontal  cylinders  and  the  exhaust 
valves  at  the  bottom  corners,  by  which  means,  during  the  flow  of  the 
steam  from  the  cylinder,  the  exhaust  surfaces  are  swept  clear  of  water 
and  a  natural  system  of  drainage  is  thus  provided.     This  advantage 
applies  more  especially  to  horizontal  cylinders. 

3.  It  maintains  a  wide  opening  during  admission  of  steam  with 
a  sudden  return  of  the  valve  at  cut-off',  thus  preventing  wire  drawing 
of  the  steam  during  admission. 

4.  It  permits  of  independent  adjustment  of  admission  and  cut-off, 
release  and  compression. 

5.  It  provides  an  easy  and  effective  method  of  governing  engines  of 
large  power,  by  regulation  of  the  cut-off,  through  the  action  of  a 
governor   on   the    comparatively    light   working   parts    of    the   valve 
disengaging  gear. 

It  is  frequently  claimed  for  the  employment  of  separate  steam  and 
exhaust  valves  that  condensation  is  reduced  because  the  entering 
steam  coming  through  a  separate  passage,  and  not  through  that 
through  which  the  steam  is  exhausted,  does  not  come  into  contact 
with  surfaces  which  have  just  been  cooled  down  by  the  comparatively 
cold  exhaust  steam,  as  is  the  case  when  the  port  is  common  to  both 
admission  and  exhaust ;  but  this  claim  is  only  valid  if  the  area  of 
clearance  surface  is  reduced  by  the  arrangement  of  separate  valves, 
because  in  any  case,  all  the  surface  up  to  the  exhaust  valve  must  be 
heated  up  each  stroke  whether  the  steam  is  admitted  through  the 
same  or  through  a  separate  port.  One  important  objection  to  the 
Corliss  valve  gear  is  the  limitation  of  the  speed  of  rotation  of  engines 
fitted  with  it  owing  to  its  action  being  dependent  upon  the  engage- 
ment and  tripping  of  catches. 

About  150  revolutions  per  minute  is  probably  nearly  the  limit  of  speed 
(though  speeds  as  high  as  240  revolutions  per  minute  are  known  in 
America).  To  avoid  this  limitation,  the  valve  gear  is  now  made  for  high 
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rotational  speeds  without  the  trip-gear,  the  connection  between  the 
wrist-plate  and  the  steam-admission  valve  being  direct,  and  the 
regulation  of  the  cut-off  being  obtained  by  varying  the  travel  of 
the  wrist-plate  motion  through  a  governor  and  link. 

Fig.  383  is  an  illustration  of  the  general  arrangement  of  a  Corliss 
engine  with  a  single  eccentric  for  both  admission  and  exhaust  valves. 


Fig.  384  shows  in  skeleton  the  arrangement  of  levers  by  which  the 
valves  are  driven.  Motion  is  obtained  in  the  first  place  from  an 
eccentric  on  the  crank-shaft  which  is  connected  by  its  rod  to  a 
vertical  rocker-arm,  QRS.  Attached  to  the  rocker-arm  is  the  hook 
rod  or  lever  FS  which  drives  the  wrist-plate  W,  and  causes  it  to 
oscillate  about  its  centre  of  motion  O. 
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Attached  to  the  wrist-plate  are  four  valve  rods,  two  marked  BB, 

A  A 


FIG.  384. 

attached  to  the  two  upper  or  steam-admission 
valves  AA,  and  two  marked  CC,  to  the  two 
lower  or  exhaust  valves  EE.  The  valve  rods 
and  levers  are  shown  in  three  positions — in 
the  middle,  and  at  the  two  ends  of  their 
stroke. 

The  exhaust  -  valve  rods  are  connected 
directly  to  the  exhaust-valve  spindles,  but 
the  admission-valve  rods  work  loosely  on 
the  bosses  of  the  valve-stem  brackets.  These 
levers  engage  the  admission  valve  by  means 
of  a  trip  or  catch,  and  the  steam-port  is 
thereby  opened  during  the  first  portion  of 
the  piston  path,  after  which  the  trip  disen- 
gages the  lever  and  the  valve  suddenly  closes 
the  port  by  means  of  the  weight  or  spring  of 
the  dash-pot  plunger. 

The  admission  valve  remains  closed  and 
at  rest  during  the  remainder  of  the  stroke, 
also  during  the  return  or  exhaust  stroke, 
until  it  is  again  engaged  by  the  catch  so  as 
to  move  the  valve  in  time  for  the  new  stroke 
of  the  piston. 

Fig.  385  is  a  longitudinal  and  sectional 
view  of  a  Corliss  steam  valve. 

Fig.  386  illustrates  the  trip-gear  as  used 
on  the  early  Corliss  engines,  and  as  still  used 
by  many  American  engineers,  and  which  is 
known  as  the  "  crab-claw  gear." 


SECTION  ON  A 


FIG.  385. 
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The  valve-rod  B  (Fig.  386)  is  driven  from  the  wrist-plate.  The  bell- 
crank  lever  AA  is  securely  attached  to  the  valve  spindle  C.  A 
square-headed  bolt  D,  with  a  hole  through  the  square  head,  is  at- 
tached to  the  lower  lever  of  the  bell-crank  A.  The  valve-rod  B 

passes  freely  through  the 
hole  in  the  pivoted  nut  D. 
To  the  rod  B  a  fork  EE  is 
pinned  at  F,  and  the  lower 
limb  of  the  fork  is  kept  up 
to  its  work  by  a  spring  G  as 
shown.  A  steel  plate  H  is 
fixed  in  the  upper  face  of 
the  lower  limb  of  EE,  by 
which  it  catches  the  sleeve 
D  of  the  lever  A. 

When  the  catch  H  and 
sleeve  D  are  engaged,  as 
shown  in  Fig.  386,  then  the 
movement  of  the  valve-rod 
B  to  the  left  pulls  also  the 
bell-crank  lever  A  A,  and 

turns  the  valve  on  its  spindle  C,  so  as  to  open  the  steam-admission 
port.  Cut-off  at  any  required  point  is  obtained  by  means  of  a  dis- 
engagement of  the  catch  H  which  liberates  the  bell-crank  lever,  and 
the  valve  is  suddenly  closed  by  the  pull  of  the  lever  P. 

Disengagement  of  the  catch  is  effected  by  means  of  a  projecting  pin, 
R,  on  a  separate  lever,  S,  which  rides  loose  on  the  valve  spindle  C,  and 
which  is  connected  to  the  governor  by  the  rod  K. 

At  a  given  speed  the  position  of  the  projecting  pin  R  remains 
constant,  and  as  the  lever  A  is  pulled  by  the  catch  H  towards  the 
left,  the  curved  upper  limb  of  the  lever  EE  comes  into  contact  with 
the  pin  R  and  is  depressed,  and  the  catch  H  is  disengaged  from  D. 

The  valve  spindles  are  rectangular  where  they  pass  through  the 
valves  (Fig.  385).  The  valves  may  thus  be  easily  twisted  as  required, 
and  at  the  same  time  be  free  to  move  outwards  relatively  to  the  spindle 
as  wear  takes  place. 

Fig.  387  shows  an  arrangement  of  Corliss  valves  for  a  vertical 
engine.  S,  S  are  the  steam-admission  valves,  and  E,  E  are  the  exhaust 
valves.  The  steam  enters  the  cylinder  through  the  port  a,  and 
leaves  the  cylinder  through  the  opening  b,  when  the  exhaust  valve 
uncovers  the  exhaust  port  c.  The  valves  are  here  shown  for  mid- 
position  of  the  eccentric,  that  is,  the  exhaust  valves  are  just  about 
to  open  or  to  close  their  respective  ports,  and  the  steam-admission 
valves  overlap  the  ports,  the  amount  of  overlap  in  this  position  being 
the  true  "  lap "  of  the  valve  as  in  the  ordinary  slide-valve.  In 
addition  to  this  lap,  the  valve,  when  liberated  by  the  trip  gear, 
swings  further  and  covers  the  port  by  an  amount  greater  than  the 
lap,  as  shown  by  the  dotted  positions  in  the  figure.  This  additional 
movement  is  called  the  "seal"  of  the  valve,  or  the  "dwelling  angle." 
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To  set  the  Valves  of  a  Corliss  Engine. — Usually  marks  are  placed 
on  the  ends  of  the  valves  and  on  the  valve-box,  snowing  the  relative 
positions  of  the  working  edge  of 
the  valve  and  of  the  port.  Thus 
in  Fig.  387,  2  is  the  working 
edge  of  the  steam-valve  and  3 
of  the  steam-port ;  also  4  is  the 
working  edge  of  the  exhaust 
valve  and  5  the  working  edge  of 
the  exhaust  port.  A  centre  line 
is  drawn  on  the  boss  of  the 
wrist-plate,  and  three  lines  are 
drawn  on  the  periphery  of  the 
wrist-plate  support,  correspond- 
ing with  the  middle  and  two 
end  positions  of  the  wrist-plate 
centre  line  (see -Fig.  390). 

First  the  wrist-plate  is  set  in 
its  middle  position  with  its  centre 
line  vertical.  The  steam-valves 
are  then  set  so  that  they  each 
have  the  required  amount  of  lap. 
In  the  Fig.  387,  the  amount  by 
which  the  edge  2  of  the  valve 
overlaps  the  edge  3  of  the  port 
when  the  wrist-plate  is  in  mid 
position,  is  the  lap  of  the  valve. 

The  amount  of  lap  given  de- 
pends upon  the  size  of  the  engine, 
and  may  vary  from  \  in.  to  \  in. 
in  small  engines,  to  f  in.  or  more 
in  larger  engines. 

The  amount  of  lap  can  be  varied 
by  shortening  or  lengthening  the 
valve  rods  by  means  of  the  ad- 
justable nuts  on  the  valve  rods. 

Similarly,  when  the  wrist- 
plate  is  in  mid  position,  the  ex- 
haust valve  edges  4  are  adjusted 
equally  in  both  exhaust  valves 
to  the  exhaust-port  edges  5. 
When  the  exhaust  valves  have  $  E 

no  lap,  as  is  often  the  case,  then  FIG.  387. 

the  edges  4  and  5   coincide   for 
both  the  exhaust  valves  when  the  wrist-plate  is  in  mid  position. 

The  rocker  arm — to  which  the  eccentric  rod  and  wrist-plate  lever 
are  attached — stands  vertical  for  horizontal  engines  (see  QRS,  Fig. 
383),  or  horizontal  for  vertical  engines,  when  the  wrist-plate  is  in 
mid  position. 
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FIG.  388. 


Fig.  388  gives  a  wrist-plate  diagram.     OD  and  OB  show  the  ex- 
treme positions  of  the  levers,  and  00  mid  position.     This  is  a  case  in 

which  a  double  reversal  of  stress 
takes  place  in  the  levers  and  pins 
during  each  forward  and  back- 
ward stroke  of  the  wrist-plate. 
This  is  shown  by  the  passing  of 
the  levers  AB  and  OB  outside 
the  dotted  line  joining  the  centre 
O  of  the  wrist-plate,  and  drawn 
tangent  to  the  valve-lever  arc, 
thus  reversing  the  angle  between 
the  radius  of  the  wrist-plate  and 
the  valve-rod.  This  is  an  objec- 
tionable arrangement,  and  should 
be  avoided  where  possible. 

Setting  of  the  Eccentric,  for  a 
single  eccentric  and  one  wrist- 
plate  working  both  admission  and 
exhaust  valves.  If  the  steam- 
valves  and  the  exhaust  valves  have  no  lead,  that  is,  admission  and 
release  take  place  at  end  of  the  stroke,  and  there  is  no  compression, 
then  the  eccentric  is  set  at  right  angles  to  the  crank  and  it  has 
zero  angular  advance.  In  this  case  the  latest  point  of  cut-off  possible 
is  at  half-stroke  of  the  piston,  because  the  eccentric  controls  the 
valve  during  90°  rotation  of  the  shaft  as  a  maximum,  past  the  point 
of  opening  of  the  valve.  At  or  before  the  end  of  the  valve  stroke 
the  trip  gear,  which  is  worked  by  the  governor,  liberates  the  valve, 
which  suddenly  closes  and  cuts  off  the  steam-supply.  The  trip  gear 
can  only  act  during  the  movement  of  the  gear  through  some  portion 

of  this  angle.  In  order  to  obtain  lead  of 
the  valve,  an  early  release,  and  moderate 
compression,  the  eccentric  is  given  angular 
advance.  This  still  further  reduces  the 
number  of  degrees  during  which  the  eccen- 
tric has  control  of  the  valve,  and  the  maxi- 
mum point  of  cut-off  is  at  some  point 
earlier  than  half-stroke. 

Thus,  if  the  eccentric,  Fig.  389,  is  set 
with  an  angular  advance  0,  then  the  eccen- 
tric is  at  E  when  the  crank  is  at  C. 

When  the  crank  has  moved  through  an 
angle  COC',  the  eccentric  has  reached  E', 
the  position  of  maximum  opening  of  the  valve,  and  the  trip  gear 
must  have  acted  at  or  before  this  point.  Hence  crank  position  C', 

that  is,  cut  off  at  T  of  the  stroke,  represents  the  latest  point  of  cut-off 
lj 

possible  with  this  arrangement. 

If  the  valve  lever  were  connected  to  the  wrist-plate  without  any 


FIG.  389. 
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trip  gear,  then  the  valve  would  gradually  return  and  the  port  be 
closed  when  the  piston  is  at  some  point,  Z>,  near  the  end  of  the  stroke 
as  with  an  ordinary  slide-valve  without  lap,  but  in  that  case  the 
special  feature  of  the  Corliss  gear  would  disappear,  as  it  was  designed 
to  provide  an  efficient  means  of  obtaining  a  range  of  early  cut-off 
points  to  secure  economical  expansion  of  the  steam  in  the  cylinder. 

If  a  larger  range  of  expansion  is  required  than  that  provided  as 
above,  it  is  possible  to  secure  it  by  the  use  of  two  eccentrics  and  a 


FIG.  390. 

double    wrist-plate :    one  for  the  admission  valves  and   the  other   for 
the  exhaust  valves,  as  shown  in  Figs.  390  et  seq. 

Considering  further  the  case  of  the  single  eccentric,  from  Fig. 
384,  it  will  be  seen  that  the  wrist-plate  pin,  F,  travels  through  an  arc 
dd'  about  its  centre  o,  this  angle  being  bisected  by  the  vertical  centre 
line  through  o.  If  vertical  lines  be  projected  from  points  dd'  to  the 
horizontal  centre  line  through  o,  and  cutting  it  at  ee'  respectively, 
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then  ee'  is  the  diameter  of  the  virtual  or  equivalent  eccentric  giving 
the   movement   dd'   to   the   wrist-pin,  and   the   throw   of   the   actual 

QR 

eccentric  =  ee  X  ^7^ 

The   movement   at   the   edge   of    the   valve,    for   a   given   angular 
movement  of  the  valve  lever,  is  measured  on  the  valve  circumference. 
An   important  point  to  notice  is   the  means  which  the  wrist-plate 


FIG.  391. 


provides  for  giving  the  valve  small  movements  when  closed,  and 
large,  and  therefore  quick,  movements  when  the  port  is  open.  This 
reduces  the  power  required  to  drive  the  valve  gear  to  a  minimum. 
Thus,  in  the  example,  Pig.  384,  during  the  movement  of  the  wrist- 
plate  through  the  first  and  second  half  of  its  total  arc,  the  steam- 
admission  valve  moved  through  11°  and  27°  respectively,  and  the 
exhaust  valve  11°  and  27°  respectively.  For  ordinary  engines  of 
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the  type  illustrated  in  Fig.  383,  the  angular  advance  of  the  eccentric 
is  made  about  15°. 

The  diameter  of  the  valve  =  -J  diameter  of  cylinder.  The  length 
of  the  steam-admission  port  =  diameter  of  cylinder,  and  the  width 
of  the  port,  as  for  all  ordinary  engines  of  the  slide-valve  type,  = 

area  of  piston  in  square  feet  X  piston  speed  in  feet  per  minute 
~~600(Tx  length~o£  port  in  feet 

The  width  of  the  exhaust  port  is  made  about  1^  times  that  of  the 
admission  port. 

Figs.  390  to   393   show  Corliss   cylinders  in  elevation  and  section 

r^fc 


FIG.  392. 


for  a  15  in.  x  28  in.  X  36  in.  cross-coupled  compound  engine,  main 
bearings  9  in.  x  16  in.,  running  at  105  revolutions  per  minute, 
developing  340  I.H.P.  as  a  regular  load,  and  425  I.H.P.  with  an 
overload,  160  Ibs.  boiler  pressure,  26  in.  vacuum. 

Figs.  392  and  393  are  longitudinal  and  transverse  sections  of  the 
high-pressure  cylinder ;  the  low-pressure  cylinder  is  of  similar  design, 
but  of  larger  diameter,  and  is  not  shown. 

The  Corliss  valve  gear,  shown  in  Figs.  390  and  391,  has  a  double 
wrist-plate,  one  for  operating  the  steam-valves  and  one  for  the 
exhaust  valves.  This  arrangement  allows  the  steam  to  be  admitted 
with  a  suitable  lead,  and  it  provides  a  range  of  cut-off  which  may  be 
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varied  from  0  to  f  of  the  stroke.     It  also  enables  the  compression  to 
be  adjusted  to  the  varied  requirements  of  the  speed  and  load  of  the 
engine  without  interfering  with  the  steam-admission  arrangements. 
We  have  already  seen  that  with   the   ordinary   single   wrist-plate 

gear,  driven  by  one  eccen- 

|  trie,    when    we    have    a 

small  amount  of  lead  and 
moderate  compression, 
the  point  of  cut-off  cannot 
be  later  than  about  \  of 
the  stroke.  But  for 
smartly  handling  con- 
siderable changes  of  load 
with  minimum  change 
of  speed,  the  ordinary 
single  eccentric  gear  is 
not  so  good  as  the  double 
wrist-plate  gear. 

In  the  latest  examples 
of  Corliss  engines  for 
central-power  stations, 
double  wrist-plates  are 
used  on  both  high-  and 
low-pressure  cylinders, 
and  the  cut-off  in  both 
cylinders  is  regulated  by 
the  governor.  By  cut- 
ting off  early  in  the  low- 
pressure  cylinder  at  light 
loads,  as  well  as  in  the 
high,  and  by  having  a 
large  receiver  volume, 
the  pressure  in  the  re- 
ceiver may  be  maintained  practically  constant  and  kept  fairly  high, 
by  which  means  this  storehouse  of  steam  is  instantly  available  for 
duty  in  the  low-pressure  cylinder  to  promptly  take  up  any  large 
increment  of  load  that  may  occur  at  any  moment,  without  any  serious 
change  of  speed ;  whereas,  in  an  ordinary  engine  with  a  small 
receiver  and  a  cut-off  on  the  high-pressure  cylinder  only,  the  steam 
in  reserve  for  the  low-pressure  cylinder  is  practically  nothing  at 
light  loads,  and  time  would  elapse  before  the  low-pressure  cylinder 
could  help  to  deal  with  a  sudden  increase  of  load,  and  this  would 
necessarily  result  in  the  mean  time  in  considerable  falling  off  of  speed. 
Details  of  Trip  Motion  (Fig.  394). — The  trip  arrangement  consists 
essentially  of  four  pieces  :  (1)  the  valve-driving  lever  A,  keyed  direct 
to  the  valve  spindle  C,  and  which  carries  a  hardened  steel  block,  B, 
on  which  the  trip  catch  D  engages ;  (2)  the  double-armed  driving, 
lever  EE  receiving  motion  from  the  wrist-plate  through  rod  J,  and 
mounted  loosely  on  the  overhanging  wrought-iron  tube  in  valve. 


FIG.  393. 
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bracket,  and  which  has  a  stud  in  the  upper  boss  carrying  (3)  the 
hanging  trip  catch  DD.  The  trip  catch  is  arranged  to  fall  in  its 
place  by  gravity  when  the  lever  EE,  on  which  it  is  mounted,  moves 
into  its  extreme  forward  (anti-clockwise)  position,  and  on  the  return 
(clockwise)  stroke  of  the  lever  the  catch  then  engages  with  the 
hardened  steel  block  B  on  the  valve-driving  lever  A,  the  effect  of 
which  is  to  move  the  valve  on  its  own  axis,  C,  and  open  the  steam- 
admission  port. 

The  catch  is  liberated  by  coming  into  contact  with  a  detaching 
cam  (4),  marked  F,  which 
is  formed  on  a  ring  working 
loose  on  the  boss  of  the 
driving-lever,  and  having 
an  extended  arm,  which  is 
attached  by  a  rod  K  to  the 
governor.  The  upper  arm  A 
of  the  trip  catch  DD  is 
shaped  to  a  suitable  angle, 
and  slides  up  against  the 
detaching  cam,  F,  by  which 
means  the  hardened  edge 
D  of  the  catch  is  disengaged 
from  the  block  B,  the  valve 
spindle  is  liberated,  and  the 
valve  is  immediately  re- 
turned by  the  pull  of  the 
dash-pot  lever  M  to  its  po- 
sition of  rest,  closing  and 
overlapping  the  steam-port. 

A  supplementary  spring, 
H,  is  placed  behind  the  trip 
catch  to  assist  gravity  and 
to  make  engagement  cer- 
tain. The  governing  cam 
is  moved  as  required  by  the 
governor  through  rod  K, 
and  it  varies  the  point  of 
cut-off  by  varying  the  posi- 
tion of  the  point  of  contact 
F  from  zero  to  the  maxi- 
mum capacity  of  the  gear. 
The  period  of  impact  of  the  detaching  mechanism  is  very  short,  and 
a  moderately  powerful  governor  is  unaffected  by  it.  The  governor 
is  free  to  move  during  the  admission  of  steam,  and  can  be  made 
extremely  sensitive,  say  within  1  per  cent,  variation. 

The  Dash-pot. — The  function  of  the  dash-pot  is  to  return  the 
steam-valve  quickly  and  noiselessly  when  the  governor  releases  the 
trip  catch.  The  dash-pot  piston  is  sometimes  pressed  down  by  atmo- 
spheric pressure,  a  vacuum  being  formed  under  the  piston  as  it  is 


FIG.  394. 
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raised   by   the   valve-gear    during    steam    admission.       The    dash-pot 
(Fig.    395)  is  controlled  by  a  spring  in   preference   to  depending  on 

vacuum.  The  speed  of 
closing  can  be  accele- 
rated or  retarded  by 
regulating  the  air- 
escape  plug  A,  which 
gives  a  less  or  greater 
compression  of  air  as 
the  escape  plug  is 
opened  or  closed. 

The  lower  cover  of 
the  dash-pot  holds  in 
place  two  pieces  of 
leather  which  form  a 
pad  or  buffer,  and  finally 
bring  the  valve  and 
dash-pot  piston  to  rest. 
The  ball-joint  is  pro- 
vided so  that  the  con- 
nection between  the  pin 
in  the  steam-valve  lever 
and  the  dash-pot  piston 
can  adjust  itself  to  the 
line  of  least  resistance, 
that  is,  the  line  of  least 
friction. 


FIG.  395.— DASH-POT  DETAILS. 


Fig.  396  shows  an  enlarged  view  of  the  air-escape  plug. 
The  details  of  the  other  parts  of  the  gear  explain  themselves. 

Diagram  of  Steam- 
valve     Movements.  — 
Fig.  397  shows  a  geo- 
i  metrical     analysis     of 

the  movements  of  the 
steam-admission  valve 
gear.  Arcs  A,  B,  C, 
and  D  represent  re- 
spectively clearance 
movement  of  valve 
lever  to  effect  engage- 
ment of  trip  with  valve 
lever,  steam-lap,  lead, 
and  admission. 

The  point  of  cut-off 
is  determined  by  the 
governor,  and  the  maximum  is  made  as  great  as  is  consistent  with 
the  certain  disengagement  of  the  trip.  The  relation  of  crank-pin 
to  eccentric  is  seen  by  following  the  successive  positions  of  the 
periods  A,  B,  C,  and  I)  from  the  valve-lever,  through  the  top  and 
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bottom    pins    of    the    wrist-plate,    to     the    circle    of    the    eccentric 
path. 

It  will  be  seen  that  the  eccentric  has  negative  angular  advance  0, 
that  is,  the  eccentric  has  not  moved  through  90°  from  its  extreme 
position  when  the  crank  is  on  the  dead  centre,  but  through  an  angle 
6  less  than  90°. 


A  ENGAGEMENT  MOVEMENT 

B  STEAM   LAP 

C  LEAD 

D  STEAM  ADMISSION 


FIG.  397. 

Diagram  of  Exhaust-valve  Movements. — The  theoretical  indicator 
diagram,  Fig.  398,  is  first  drawn  to  decide  upon  the  points  of  release 
and  compression,  and  the  respective  position  of  these  points  is  pro- 
jected to  the  crank-pin 
circle  below  the  indicator 
diagram. 

Radial  lines  are  drawn 
showing  the  crank  posi- 
tions at  release  and  com- 
pression, that  is,  when  the 
exhaust  port  opens  and 
closes.  If  the  angle  be- 
tween these  crank  posi- 
tions be  bisected,  the 
crank  position  is  obtained 
at  which  the  exhaust  valve  ANGL*  O'CAAHK  PIN 
is  at  the  extreme  end  of 
its  travel ;  in  other  words, 
this  is  the  crank  position 
when  the  eccentric  is  on 
the  dead  centre,  or  vice 
versa  it  is  the  eccentric  FIG.  398. 

position   when   the   crank 

is  on  the  dead  centre,  and  thus  the  relative  positions  of  crank  and 
eccentric  are  as  shown  in  Fig.  398. 
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Fig.  399  is  a  diagram  showing  the  respective  positions  of  crank, 
eccentric,  wrist-plate,  valve-rods,  and  levers  for  the  exhaust  valve. 

The  circle  of  eccentric  travel  is  first  drawn  on  centre  A,  and  the 
circumference  divided  into  any  number  of  equal  parts  numbered 
consecutively.  These  points  are  projected  to  the  centre  line,  and 
with  the  length  of  the  eccentric  rod  as  radius  corresponding  points 


FIG.  399. 

are  transfixed  on  the  travel  arc  FG  on  the  wrist-plate.  The  dis- 
tances thus  obtained  are  then  marked  on  the  path  of  the  pin  HJ,  and 
with  the  length  of  the  exhaust  valve-rod  K  as  radius  the  movement 
of  the  exhaust  pin  on  wrist-plate  is  marked  off  on  the  path  of  the 
pin  of  the  exhaust  valve-lever  LM.  It  will  be  noticed  that  the 


ADMISSION 


EXHAUST 


FIG.  400. — WRIST-PLATE  DETAILS. 

movement  of  the  valve  during  the  half-period  from  4  to  7  position 
(see  valve  lever  arc  LM)  is  much  less  than  that  during  the  half- 
period  from  1  to  4. 

The  pin  on  the  vibrating  lever  from  which  the  wrist-plate  is 
driven  is  taken  to  represent  the  travel  of  the  valve.  The  real  travel 
of  the  eccentric  is  proportionately  less,  depending  on  the  length  of 
the  lever  connections. 
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Fig.  400  is  a  drawing  of  the  wrist-plate  details,  showing  the  admis- 
sion and  exhaust  wrist-plates  on  the  same  spindle. 

Fig.  401  shows  details  of  valve  spindle  gland  and  bracket.  Fig.  402 
shows  in  detail  the  adjustable  head  of  the  valve-rods. 


FIG.  401. 


As  an  example  of   the   performance  of  engines   of   the   compound 
Corliss  class,  the  following  results  are  given  from  a  test  of  a  pair  of 


FIG.  402. 

compound  horizontal  Corliss  engines,  made  by  Messrs.  Hick,  Hargreaves 
&  Co.,  of  Bolton. 

Diameter  of  piston,  high  pressure         30  in. 

„  low  pressure  ...  56  „ 

Diameter  of  piston-rods 6   „ 

Stroke         5ft. 

Clearance  of  high -pressure  cylinder      4  per  cent. 

Clearance  of  low-pressure  cylinder       ...         5        „ 

Diameter  of  air-pump      25 J  in. 

Stroke  of  air-pump  20     „ 

Diameter  of  air-pump  rod  3J  „ 


346  STEAM-ENGINE    THEORY  AND   PRACTICE. 


FIG.  403. 


FIG.  404. 
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Diameter  main  steam-pipe           12  ins. 

Flywheel  diameter,  grooved  to  receive  30  ropes         ...  26   ft. 
Volume   of  receiver  between  high- pressure   exhaust 

valves  and  low-pressure  admission  valves            ...  117-12  cubic  ft. 

Boiler  pressure      112  Ibs. 

Piston  speed          606  ft.  per  min. 

Total  I.H.P 882-2 

Dry  steam  per  I.H.  P.  per  hour 14-42  Ibs. 

Dry  coal  per  I.H.P.  per  hour      1-74    „ 


FIG.  405. 

Fig.  405  gives  reduced  copies  of  the  indicator  diagrams. 

Figs.  403  and  404  are  the  elevation  and  plan  of  a  pair  of  13-in.  X  26-in. 
coupled  geared  winding  engines  suitable  for  sinking  and  winding 
in  auriferous  countries. 


CHAPTER  XXIII. 

QUICK-REVOLUTION  ENGINES. 

CONSIDERABLE  hesitation  is  often  felt  by  engineers  accustomed  to  slow 
rotational  speeds  to  the  introduction  of  engines  running  at  speeds  so 
high  that  the  separate  working  details  become  almost  indistinguish- 
able. But  experience — and  by  this  time  a  very  large  experience — 
has  shown  that  such  hesitation  is  unnecessary,  and  that  with  a 
design  suitable  for  the  purpose,  such  as  is  now  supplied  by  several 
firms  making  a  speciality  of  high  speeds,  no  trouble  need  be  expected 
on  the  score  of  rate  of  revolution. 

The  quick-revolution  direct-coupled  steam-engine  is  the  result,  in 
the  first  instance,  of  the  urgent  demand  for  such  engines  for  the 
direct  driving  of  dynamos. 

In  order  to  combine  high  speeds  with  large  power,  it  is  necessary 
to  make  the  piston  area  large  as  compared  with  the  length  of  stroke, 
and  this  suggests  the  probability  of  loss  of  efficiency  by  excessive 
clearance.  The  volume  of  the  clearance  in  any  cylinder  varies  nearly 
with  the  area  of  the  piston,  and  is  independent  of  the  length  of 
stroke,  and  when  expressed  as  percentage  of  piston  displacement,  the 
proportion  of  clearance  will  obviously  increase  as  the  length  of  stroke 
decreases. 

In  the  long-stroke  engine  the  clearance  may  be  from  3  to  7  per 
cent.,  while  in  the  short-stroke  type  it  may  range  from  10  to  20  per 
cent,  or  more.  Where  the  compression  does  not  reach  initial  pressure, 
the  loss  by  clearance  may  thus  be  large,  but  this  loss  is  reduced  when 
the  engine  is  compounded,  hence  the  special  value  of  compounding 
in  the  short-stroke  type  of  engine. 

Apart  from  the  application  of  such  engines  for  direct  driving  of 
dynamos,  some  advantage  of  the  high  rotational  speeds  are  (1)  that 
such  engines  may  be  smaller  for  a  given  power.  (2)  They  give  a 
more  even  turning  moment  than  the  slower  engine  of  the  same  power. 
(3)  There  is  a  gain  in  steam  economy  at  the  high  rational  speeds, 
owing  to  the  maintenance  of  a  higher  mean  temperature  of  cylinder- 
walls,  and  a  consequent  reduction  in  the  amount  of  condensation  in 
the  cylinder,  when  compared  with  the  long-stroke  engine. 

Single-acting  Engines.  The  Willans  Engine. — This  famous  engine 
is  the  design  of  the  late  P.  W.  Willans.  It  has  been  the  subject  of 
most  exhaustive  trials  and  experiments,  the  results  of  which  are 
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published  in  the  Proceedings  of  the  Institution  of  Civil  Engineers,1 
and  form  classical  studies  on  steam-engine  performances  and  economy. 
The  arrangement  of  the  engine  will  be  understood  from  Fig.  406. 


FIG.  406. — THE  WILLANS  ENGINE. 


In  the  first  place,  it  is  a  "  single-acting  "  engine,  that  is,  the  steam 
acts  upon  one  side  of  the  piston  only.  A  disadvantage  of  this 
arrangement  is  that  for  a  given  power  the  cylinder  'capacity  must  be 

1  Proc.  Inst.  C.E.,  vols.  xciii,,  xcvi.,  and  cxiv. 
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twice  as  great  as  in  a  double-acting  engine,  or  else  the  engine  must 
run  twice  as  many  revolutions  per  minute.  The  advantage  of  making 
the  engine  single-acting  is  that  it  may  be  run  at  the  highest  speeds 
comfortably,  without  any  danger  of  knocking,  and  without  the 
necessity  for  frequent  adjustment  of  brasses,  because  in  the  single- 
acting  engine  the  working  parts  are  in  a  condition  of  constant  thrust, 
that  is,  the  piston-rod  is  pressed  against  the  crosshead-pin,  and  the 
connecting-rod  against  the  crank-pin,  not  only  during  the  working 
stroke,  but  during  the  return  stroke  also.  There  is  no  tendency  to 
knock,  because  there  is  no  change  of  direction  of  force  transmitted. 
In  order  to  secure  that  the  condition  of  constant  thrust  is  maintained, 
and  that  the  connecting-rod  and  piston-rod  are  not  flung  away  from 
their  respective  pins  on  the  upper  portion  of  the  up-stroke,  an  amount 
of  compression  must  be  provided  (either  by  the  steam  or  by  other 
means)  which  shall  always  cause  a  downward  pressure  in  excess  of 
the  upward  accelerating  force.  In  the  Willans  engine,  the  requisite 
compression  is  obtained  by  means  of  an  air-chamber  above  the  guide- 
piston — the  lowest  piston  on  the  rod.  This  piston  on  the  up-stroke 
compresses  the  air  contained  in  the  chamber  above  the  piston,  and 
thus  any  amount  of  compression  can  be  obtained  according  to  the 
clearance  allowed.  The  work  expended  in  compressing  the  air  is 
given  out  again  by  expansion  on  the  succeeding  down-stroke. 

The  slide-valves  are  of  the  piston  type,  all  on  one  rod,  and  work 
inside  the  hollow  piston-rod,  the  valves  moving  over  ports  cut  in  the 
form  of  elongated  passages  in  the  hollow  piston-rod  as  shown.  This 
arrangement  reduces  clearance  volume  to  a  minimum,  and  serves  as 
an  excellent  means  of  draining  the  cylinders  of  water,  the  water 
being  swept  out  with  the  exhaust  steam  when  the  valve  uncovers 
the  port. 

Steam  is  admitted  above  the  top  piston  through  ports  in  the  hollow 
piston-rod,  and  is  exhausted  to  under  side  of  same,  in  each  case 
entering  and  leaving  the  cylinders  through  ports  in  the  piston-rod. 

Each  line  of  pistons  is  connected  to  its  corresponding  crank  by 
two  connecting-rods,  with  a  space  between  them,  in  which  works  an 
eccentric  forged  solid  on  the  crank-pin. 

The  reason  the  eccentric  is  on  the  crank-pin,  and  not  on  the  shaft, 
as  usual,  is  that  the  valve-face  (i.e.  the  inside  surface  of  the  hollow 
piston-rod)  moves  with  the  piston ;  consequently  the  valve-motion 
required  is  a  motion  relative  to  the  piston,  and  this  is  obtained  by 
mounting  the  eccentric  on  the  crank-pin. 

The  cranks  dip  bodily  into  the  lubricant  in  the  crank  chamber 
every  revolution.  In  doing  so  they  splash  the  oil  over  the  main 
bearings  and  other  portions  requiring  lubrication. 

The  engine  is  governed  by  a  throttling  governor. 

References  are  made  to  the  high  economical  performance  of  this 
engine  elsewhere  (see  pp.  314  and  315). 

The  Peache  engine  (Fig.  407)  is  another  example  of  a  good  type 
of  single-acting  engine.  The  excess  pressure  is  maintained  on  the 
pistons,  in  the  direction  of  the  crank-shaft,  during  the  up-stroke,  so 
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that  a  constant  thrust  is  maintained  on  all  bearings  both  on  up  and 
down  strokes,  by  means  of  the  compression  and  subsequent  expansion 


of  steam  in   the   space   between  the    high-pressure  and    low-pressure 
pistons.     Distribution  of  the  steam  is  effected  by  a  valve  gear  deriving 
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its  motion  from  a  point  on  the  connecting-rod.  This  valve  motion 
provides  for  the  placing  of  the  valves  in  a  convenient  position  at 
the  back  of  the  cylinders.  There  are  no  eccentrics  on  the  crank- 
shaft, and  therefore  room  is  left  for  long  and  well-supported  crank- 
shaft bearings.  The  crank-shaft  and  other  working  parts  run  in  a 
bath  of  oil  and  water.  The  engine  consists  of  three  tandem  compound 
engines  combined  and  working  on  cranks  at  120°.  The  steam  is 
distributed  to  the  two  cylinders  of  each  engine  by  a  single  piston  valve. 
The  steam  enters  by  a  branch  oil  the  low-pressure  cylinder-casting, 
and  at  the  centre-line  of  the  steam-chest,  and  passes  right  and  left  by 
passages  formed  in  the  casting  to  the  other  two  steam-chests.  At  the 
top  of  the  stroke  the  high-pressure  piston  uncovers  two  small  bye-pass 
ports  which  communicate  with  the  space  underneath  that  piston,  and 
thus  for  an  instant  at  the  top  of  each  stroke  the  space  called  the  con- 
trolling-cylinder is  placed  in  communication  with  the  high-pressure 
cylinder,  and  by  this  means  the  initial  pressure  of  steam  in  the  con- 
trolling cylinder  is  maintained  at  a  constant  proportion  to  that  in  the 
high-pressure  cylinder. 

In  the  condensing  type  engines,  in  which  the  ratio  of  expansion 
and  range  of  temperature  is  large,  a  steam-jacket  is  applied  to  the 
controlling  cylinder,  so  that  the  steam  in  the  controlling  cylinder  becomes 
a  medium  for  the  transfer  of  heat  from  the  steam-jacket  to  the  working 
surfaces  of  the  high-pressure  and  low-pressure  cylinders. 

To  maintain  a  constant  thrust  on  the  valve-motion  an  air-buffer  is 
adopted. 

A  feature  of  this  engine  is  the  position  of  the  crank-shaft,  which 
is  placed  in  front  of  the  cylinder-axis.  This  position  is  adopted  to 
obviate  reversal  of  pressure  of  the  cross-head  on  the  guides,  which 
occurs  in  a  single-acting  engine  with  the  usual  position  of  crank- 
shaft. It  will  be  seen  that  the  connecting-rod  is  nearly  vertical 
during  the  down-stroke,  when  the  heaviest  pressures  are  being  trans- 
mitted by  it,  and  that  during  the  up-stroke,  when  the  angle  the 
connecting-rod  makes  with  the  piston-rod  is  large,  the  pressures 
transmitted  are  srnal],  but  the  angle  of  the  connecting-rod  being 
always  towards  the  back  cross-head  guiding  surface,  the  resultant 
pressure  is  always  on  the  back  guide. 

RESULTS  OF  TRIALS  OP  150  HOKSE-POWER  PEACHE  COMPOUND  ENGINE. 

Condensing.        Non-condensing. 

Steam-chest  pressure     94  Ibs.  119  Ibs. 

Revolutions          438  438 

M.E.P 40-01  42-96 

LH.P 141  150-5 

E.H.P 124-3  128-0 

Efficiency  per  cent 88'3  85 

Steam  per  I.H.P.  per  hour       18'4  22 

„        E.H.P.      „  20-9  25-8 

The  Belliss  Engine. — This  engine  well  illustrates  the  possibility  of 
running  double-acting  engines  at  high  rotational  speed  without  fear 
of  excessive  wear  and  knocking.  It  is  claimed  for  it  that  its  success 
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is  chiefly  due  to  the  application  of  forced  lubrication,  that  is,  supplying 
the  lubricant  to  the  moving  parts  under  pressure.  The  pressure 
required  for  this  purpose  is  not  the  maximum  pressure  on  the  bearing, 
but  only  a  pressure  sufficient  to  force  the  oil  into  the  bearing  on  the 


FIG.  408.— THE  BELLISS  ENGINE. 


return  stroke,  when  the  pressure  is  reduced  on  one  side  of  the  pin; 
while  on  the  driving  stroke  the  time  is  not  sufficient  to  squeeze  the 
oil  from  between  the  surfaces,  before  the  pressure  is  again  reduced 
and  the  supply  renewed. 

The  difficulty  felt  in  running  double-acting  engines  at  high  rotational 
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speeds  arises  from  the  known  necessity  of  close  adjustment  of  brasses 
to  avoid  audible  knock  and  ensure  quiet  running ;  and  this  necessary 
closeness  of  adjustment  renders  the  pin  and  its  bearing  liable  to  get 
hot  and  the  pin  to  seize.  The  liability  to  seize  arises  from  the  fact 


FIG.  409.— THK  BELLISS  ENGINE. 

that,  owing  to  the  necessary  closeness  of  fit,  any  small  increase  of 
temperature  in  the  pin  causes  sufficient  expansion  to  make  it  overtake 
the  small  clearance  permissible  when  cold,  and  trouble  immediately 
follows  from  seizure  of  the  pin.1 

1  Sec  Dales  on  "High-speed  Engines,"  Proc.  List.  C.E.,  vol.  cxxxvi. 
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FIG.  411. 
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There  cannot,  however,  be  any  increase  of  temperature  in  the  pin 
so  long  as  the  pin  and  its  bearing  are  well  supplied  with  oil  between 
the  surfaces,  hence  the  value  of  forced  lubrication. 

In  the  Belliss  engine  the  forced  lubrication  is  supplied  to  all  the 
bearings  by  means  of  a  simple  pump  without  valves  or  packing,  dis- 
charging the  oil  at  a  pressure  of  about  15  Ibs.  per  square  inch  through 
a  specially  arranged  system  of  oil-distributors  shown  in  Fig.  408, 
which  is  a  sectional  elevation  of  the  Belliss  engine.  Fig.  409  is  a 
side  elevation  of  the  same  engine.1 

It  will  be  seen  that  the  steam  is  supplied  to  the  engine  after  first 
passing  it  through  a  large  separator,  where  water-particles  in  the 
steam  due  to  priming  in  the  boiler  or  condensation  in  the  pipes  are 
separated,  and  the  steam  is  passed  forward  in  a  drier  condition  to  the 
engine. 


Scalejfa 


FIG.  4  2. 


There  is  only  one  slide-valve  for  the  two  cylinders  placed  between 
the  high  and  low  pressure  cylinders.  It  is  of  the  piston  type,  and 
is  driven  by  a  single  eccentric  as  shown. 

The  governor  is  of  the  throttling  type,  working  an  equilibrium 
throttle-valve  (Fig.  409),  and  is  adjustable  by  hand  while  the  engine 
is  running. 

The  table  shows  the  performance  of  this  engine  under  two  different 
systems  of  governing. 

Plate  II.  and  Figs.  410,  411,  412  are  sectional  drawings  of  a  high- 
speed double-acting  compound  engine  specially  designed  for  this  book 
by  Mr.  T.  Scott-King. 

The  engines  have.  10  in.  x  16  in.  cylinder  X  8  in.  stroke;  the 
cranks  are  opposite. 

1  From  the  Proceedings  of  the  Inst.  of  Mecli.  Engrs. 
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It  will  be  noticed  from  the  plan  (Fig.  412)  that  the  centres  of  the 
cylinders  are  kept  as  close  as  possible  by  arranging  the  high-pressure 
valve  somewhat  in  front  of,  and  the  low-pressure  valve  behind,  the 
centre  line  of  the  two  cylinders. 

The  slide-valves  are  driven  by  one  eccentric  only,  the  valve-rods 
being  connected  to  separate  arms  extending  from  the  eccentric  rod. 
Both  of  the  valves  are  of  the  piston  type ;  they  are  therefore  in 
equilibrium. 

The  weight  of  the  moving  parts  of  the  two  engines  is  made  equd, 
by  increasing  the  thickness  of  the  high-pressure  piston. 

Exceptionally  long  metallic-packed  piston-rod  stuffing-boxes  are 
provided. 

The  engine  is  fitted  with  a  very  complete  system  of  forced  lubrica- 
tion to  all  the  bearings,  the  lubricant  being  forced  by  means  of  a  simple 
pump  driven  from  the  eccentric  strap.  Advantage  is  taken  of  centri- 
fugal force  to  distribute  the  oil  to  the  crank-pins  and  eccentric. 

A  throttle-valve  governor  is  attached,  as  shown,  and  the  working 
parts  of  the  engine  are  completely  enclosed. 

Figs.  413  and  414  are  illustrations  of  the  Sissons  high-speed  engine. 
The  special  features  of  the  engine  are  (1)  the  self-adjusting  crank- 
pin  brasses  in  the  large  end  of  the  connecting  rod  already  shown  in 
Fig.  320. 

(2)  The  arrangement  of  the  cylinders  so  that  the  centre-lines  of  the 
engines  may  be  kept  as  close  together  as  it  is  possible  to  get  them. 
The  object  of  this  is  to  reduce  the  rocking  moment ;  the  high-pressure 
piston  and  its  long  piston-rod  are  together  made  equal  in  weight  to 
the  low-pressure   piston   and   its   rod.      The  rocking  moment  of   the 
couple   is    as   nearly  as    possible    counteracted    by   balance    weights 
attached  to  the  outer  crank  webs.     The  cranks  are  opposite,  and  the 
engine  runs  very  steadily. 

(3)  The  slide-valves  are  both  of  the  piston  type  ;  the  high-pressure 
valve   has   inside   steam-admission,   and    the    low-pressure   valve   has 
outside  steam-admission ;  thus  there  is  simply  a  plain  neck  connecting 
the   high-pressure   cylinder   exhaust   with    the   low-pressure    cylinder, 
and  no  stuffing-box  is  required  there.     The  only  valve-spindle  stuffing- 
box  is  at  the  lower  part  of  the  low-pressure  cylinder,  where  it  is  exposed 
to  the  pressure  and  temperature  of  receiver  steam.     The  valve-spindle 
is  provided  with  an  air-cushion  cylinder,  thus  reducing  the  load  on 
the  valve-gear  to  a  minimum. 

(4)  This  engine  lends  itself  well  to  the  use  of  superheated  steam, 
first  because  of   the  absence  of   a   valve-spindle   stuffing-box   in   the 
initially   superheated    steam,    and    secondly   because    of    the    length 
of    the   bush    of    the   high-pressure    piston-rod,    which    removes   any 
possibility    of   difficulty    occurring   with    the    high-pressure    stuffing- 
box. 

(5)  This    engine    is    fitted    with   a   governor   (not   shown)   which 
acts   on   the   cut-off,  varying   the  number  of  expansions  during   the 
fall  from  full-load  to  medium  load,   and   afterwards  completing   the 
governing-   (,£    the   engine  by  throttling.      This   system    of   governing 
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is  in  accordance  with  the  teaching  to  be  deduced  from  Fig.  367,  from 
which  it  is  seen  that    below  a  certain  load    throttling  governing   is 


FIG.  413. 


the  more  economical ;  above  that  load,  governing  by  variable  expansion 
has  the  advantage. 
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Direction  of  the  Stresses  in  Single-  and  Double-acting  Engines. — 
In  the  single-acting  engine  there  is  in  every  revolution — 

(1)  A  reversal  of  the 
twisting    stress    in    the 
crank-shaft,    the    piston 
driving  the  crank  during 
the    down  -  stroke,    and 
the     crank    lifting    the 
piston   during    the    up- 
stroke. 

(2)  A  reversal  of  the 
mean    direction    of    the 
bending  stresses  on  the 
crank-pin.       This      will 
be   seen  by    considering 
the  diagram  (Fig.  415). 
Thus,  suppose  the  circle 
1234   to  represent  the 
crank  -  pin      travelling 
round  the  circular  crank- 
pin   path   of   a   vertical 
engine.     Here,  when  the 
piston  is    at  the    top  of 
its    stroke,    there    is    a 
vertical    bending    stress 
on  the  crank-pin  in  the 
direction     1     to    3 ;    at 
half-stroke    downwards, 
the   bending    is    in   the 
direction    4    to    2 ;     at 
the  bottom  position,  the 
bending  at  end  of  stroke 
is  in  the  direction  3  to 
1.       The  mean  bending 
is  in  the  direction  4  to  2. 

On  the  return  stroke 
the  crank  lifts  the 
moving  parts,  and  the 
mean  bending  stress  is 
now  in  the  direction  2 
to  4,  which  is  opposite 
to  that  in  the  downward 
stroke. 

In  the  double-acting 
engine  the  twisting 
stress  on  the  crank-shaft 
and  the  mean  bending  action  011  the  crank-pin 


FIG.  414. 
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On  the  other  hand,  in  the  double-acting  engine  there  is — 

(1)  A  reversal  of  the  stress  in  the  piston-rod  and  connecting-rod, 
these  rods   being   in  compression  on  the  down-stroke  and  in  tension 

on  the  up-stroke. 

jjf\>  (2)  A  reversal  of  the  bending  stress  on  the 

/     /""cr^X  cross-head  pin. 

/      /  \  In   the   single-acting    engine   there    is   no 

J  V       reversal  of  stress  in  the  piston-rod  and  con- 

l^^3  3^>    necting-rod,  these  rods  being  always  in  com- 

jg       pression  for   both  strokes ;    and  the  bending 

N,  r       stress  on  the  cross-head  pin  is  always  in  one 

\v        *5         j/          direction.     In  these  latter  respects  the  single- 

;?Qpar  acting   engine   has    the   advantage.     It    will 

l  also  be  noticed — 

PIG   415  (1)  That  in  the  double-acting   engine   the 

wear   on   the   cross-head  pin   is   on  both  its 

top  and  bottom  surfaces,  and  on  both  the  top  and  bottom  cross-head 
pin  brasses — hence  the  tendency  to  knock ;  while  in  the  single-acting 
engine  the  wear  is  on  the  upper  portion  only  of  the  cross-head  pin, 
and  on  the  top  cross-head  brass  only. 

(2)  That  in  the  double-acting  engine  the  wear  is  on  both  the  top 
and  bottom  of  the  crank-pin   brasses,  causing  a  tendency  to  knock  ; 
while   in   the  single-acting   engine  the  wear  is  on  the  top  crank-pin 
brass  only. 

(3)  The   pressure    on    the    brasses    in  single-acting   engines   being 
never   entirely  relieved,  the   lubricating   arrangements   require  to  be 
carefully  designed. 

The  crank  shaft  has  probably  been  the  cause  of  most  trouble  in 
high-speed  engine  practice,  the  fault  being  usually  want  of  sufficient 
diameter,  and  a  consequent  tendency  of  the  shaft  to  bend,  causing 
uneven  wearing  in  the  bearings,  heating,  and  more  or  less  frequent 
breakages. 

Shafts  are  now  made  of  larger  diameter  than  formerly,  the  objection 
to  increased  rubbing  velocity  at  high  speeds  is  removed  by  improved 
methods  of  lubrication. 

The  shafts  and  other  working  parts  are  further  stiffened  by  using 
steel  of  high  tenacity. 


CHAPTER  XXIV. 

THE  MARINE  ENGINE. 

FIGS.  416,  417,  418  illustrate  types  of  triple-expansion  marine  engines 
showing  various  arrangements  of  cylinders.     The  letters  of  reference 


TO  CONDENSER 


FROM  BOILER 


FIG.  418. 


FIG.  416.  FIG.  417. 

on  the  cylinders — H.P.,  high- 
pressure  cylinder;  I.P.,  inter- 
mediate-pressure cylinder ;  and 
L.P.,  low-pressure  cylinder — 
indicate  the  progress  of  the 
steam  from  admission  to  the 
high  -  pressure  steam-chest  to 
leaving  the  engine  on  its  way 
to  the  condenser. 

Fig.  418  shows  two  low-pressure  cylinders.  This  arrangement  is 
adopted  where  a  single  low-pressure  cylinder  casting  becomes  too 
large.  It  is  also  convenient  for  the  purpose  of  more  effectually 
balancing  the  engine. 

Fig.  419  is  given  as  illustrating  a  good  example  of  a  modern 
marine  engine  of  the  four-crank  triple-expansion  type.  Each 
of  the  two  low-pressure  cylinders  has  half  the  piston  area  of 
the  one  large  low-pressure  cylinder  which  would  otherwise  be 
required. 

The  engines  are  capable  of  developing  about  660  I.H.P. 
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The  dimensions  and  other  particulars  are  as  follows  ; — 

Diameter  of  H.P.  cylinder      13   in. 

L.P.        „  22     „ 

P.L.P.     „  23|  „ 

A.L.P.    ; 23£  „ 

Stroke 21     „ 

Boiler  pressure 170  Ibd. 

Eevolutions  per  minute          166 

Piston  speed        „  581ft. 

Vacuum 26  in. 

Indicated  horse-power — 

H.P.  cylinder        ,..       213 

I.P.  „  212 

F.L.P.       „  107 

A.L.P.       „  128 

660 

The  two  forward  cranks  are  placed  directly  opposite  each  other,  and 
the  two  after  cranks  in  the  same  relative  position  to  each  other,  but 
at  right  angles  to  the  two  forward  ones.  The  pistons  working  in 
opposite  directions  are  made  of  equal  weights.1 

The  engines  are  fitted  with  only  two  sets  of  slide-valves  and  valve 
gear,  and  in  each  case  one  valve  regulates  the  steam-distribution  to 
two  cylinders. 

Plate  III.  illustrates  the  engines  of  the  s.s.  Inchmona,  which  is  con- 
structed with  the  special  object  of  high  steam  economy  and  freedom 
from  vibration.  These  engines  are  built  with  five  cranks,  and  the 
boiler  pressure  is  255  Ibs.  per  square  inch,  the  steam  being  generated 
in  cylindrical  boilers  of  the  ordinary  multitubular  type.  This  is 
probably  the  first  instance  of  so  high  a  pressure  being  carried  in  a 
large  boiler  of  this  type.  The  boilers  were  tested  by  Lloyd's  sur- 
veyors to  510  Ibs.  per  square  inch  hydraulic  pressure. 

The  engines  are  quadruple  expansion,  with  two  low-pressure 
cylinders,  making  five  cylinders  connected  to  five  cranks.  The  cranks 
are  set  at  equal  angles.  The  engine  is  designed  so  as  to  have  light 
reciprocating  parts,  equal  weights  of  reciprocating  parts  on  each 
crank-pin,  to  divide  the  total  wTork  between  five  cranks,  thus  reducing 
initial  stresses  on  the  bearings,  and  distributing  the  total  power  at 
five  equal  points  round  the  crank  circle. 

The  boilers  are  fitted  with  a  battery  of  steam-drying  tubes  through 
which  the  steam  passes  on  its  way  to  the  engines,  and  the  cylinders 
are  very  thoroughly  steam-jacketed.  The  feed-water  resulting  from 
condensation  is  taken  up  at  a  low  temperature  due  to  the  adoption  of 
a  high  vacuum,  and  is  passed  first  through  feed-heaters  heated  by 
exhaust  steam,  and  then  through  a  further  series  of  feed-heaters 
working  at  successively  higher  pressures  and  temperatures  with 
steam  taken  from  successive  steam-chests,  so  that  before  the  feed 
enters  the  boilers  it  is  at  a  temperature  about  400°  Fahr. 

The  boilers  are  fitted  with  the  induced  draught  system  of  Messrs. 

1  From  a  paper  by  Mr.  John  Thorn,  read  before  the  Inst.  of  Engineers  and  Ship- 
builders, Scotland. 
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John  Brown  &  Co.,  of  Sheffield,  by  means  of  which  a  rate  of  com- 
bustion can  be  maintained  of  40  Ibs.  of  coal  per  square  foot  of  fire- 
grate. 

Trials  of  these  engines  resulted  in  a  consumption  of  1'07  Ib.  of 
North  country  coal  per  I.H.P.  per  hour. 

In  the  series  of  marine  engine  trials  conducted  by  a  committee  of 
the  Institution  of  Mechanical  Engineers,1  the  following  results  were 
obtained  : — 


Boiler 
pressure. 

Revolutions. 

Stroke. 

Feed-water 
per  I.H.P. 
per  hour. 

fuel  per 
I.P.H.  p  r 
hour. 

Compound  engines  — 
Fusi  Yama 

56-8 

55-6 

in. 
33 

21-2 

2-66 

Colchester  

80-5 

86-6 

36 

21-7 

2-90 

Ville  de  Douvres  ... 

105-8 

36-82 

72 

208 

2  '32 

Triple  expansion  — 
Meteor        

145-2 

71-8 

48 

15 

2-01 

Tartar         

143-6 

70-0 

4-2 



1-77 

lona            

165-0 

61-1 

39 

133 

1-46 

Reduced  consumption  of  fuel  per  unit  of  power  has  steadily 
followed  the  gradual  increase  of  steam-pressures,  as  will  be  seen 
from  the  following  table  of  marine-engine  performance  : — 


Year. 

Boiler-pressure 
by  gauge. 

Type  of 
engine. 

Consumption  of 
coal  per  I.H.P. 
per  hour. 

Ibs. 

lh*. 

1830 

2  to  3 

Simple 

9-0 

1840 

8 

5-5 

1850 

14 

4-0 

1860 

30 

3-0 

1870 

50 

26 

1880 
1886 

80 
160 

Compound 
Triple 

2-2 
15 

1896 

255 

Quadruple 

1-07 

Particulars  of  some  War-ship  Engines  and  their  Performance.— 
Battleships:  Indicated  horse-power,  18,000;  twin  engines,  cylinders, 
33;L  in.,  54±  in.,  63  in.,  63  in.  ;  stroke,  48  in.  ;  revolutions,  120  ;  piston 
speed,  960  ft.  per  min.  ;  working  steam-pressure,  300  Ibs.  to  250  Ibs.  ; 
Belleville  boilers,  24  ;  heating  surface,  43,260  sq.  ft.  ;  grate  area, 
1375  sq.  ft. ;  heating  surface  per  I.H.P.,  2-4  sq.  ft. ;  I.H.P.  per  square 
foot  of  grate  area,  13-1.  The  boilers  are  worked  with  natural  draught. 

Cruisers :  Indicated  horse-power,  30,000 ;  twin  engines,  cylinders, 
43J  in.,  71  in.,  81J  in.,  81J  in.  ;  stroke,  48  in.  ;  revolutions,  120; 
piston  speed,  960  ft.  per  min.  ;  working  steam-pressure,  300  Ibs.  to 

1  Proc.  Inst.  Mech.  Engrs.,  1894,  p.  33. 
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250  Ibs. ;  Belleville  boilers,  43  ;  heating  surface,  71,970  sq.  ft.;  grate 
surface,  2310  sq.  ft.  ;  I.H.P.  per  ton  of  machinery,  12;  heating  surface 
per  I.H.P.,  2-4  sq.  ft. ;  I.H.P.  per  square  foot  of  grate,  13-0. 

The  following  are  particulars  and  data  of  trials  of  H.M.S.  Amphi- 
triie  :— 


Low 

Medium 

Maximum 

power. 

power. 

power. 

Steam-pressure  in  boilers     ... 

226 

252 

279 

„              at  engines    ... 

212 

240 

254 

Mean  pressures,  hi^h 

37-3 

89-5 

102-8 

„               intermediate 

15-5 

36-3 

44-2 

„               forward  low 

5-5 

13-1     ' 

16-9 

„               aft  low 

5-5 

13-3 

16-9 

Revolutions      

72-5 

111-1 

121-8 

I.H.P.  starboard  engine 

1899 

6898 

9171 

„      port  engiue      

1852 

6i97 

9058 

I.H.P.  total  

3751 

13,695 

18,229 

Coal  per  I.H.P.  per  hour 

I'M 

^1-43 

1-57 

Coal  burnt  per  square  foot  of) 
grate  per  hour     ...       Ibs./ 

9-84 

— 

19-8 

Cut  off  per  cent.,  high 

— 

64 

66 

„           „        intermediate 

— 

65 

— 

low 

— 

70 

— 

Ratio  of  Power  to  Dimensions  of  Ships. — 
If  H  =  indicated  horse-power ; 

V  =  speed  in  knots  ; 

D  =  displacement  in  tons ; 

C  =  a  constant. 

V3  x  D* 
Then  II  =     -£-- 

For  large  and  fast  steamers,  C  =  250 
For  large  cargo  vessels,  C  =  235 

For  cruisers  and  battleships,  C  =  225 
The  above  are  average  values  of  the  constant  C. 


CHAPTER  XXV. 

THE  LOCOMOTIVE. 

FIG.  420  illustrates  the  general  arrangement  and  construction  of  an 
express  passenger  locomotive  engine. 

It  is  necessary  that  the  locomotive  shall  be  self-contained,  that 
is,  it  must  consist  of  a  boiler  and  an  engine,  and  the  whole  machine 
must  be  placed  upon  one  carriage.  The  problem  for  locomotive 
engineers  is  how  to  obtain  the  greatest  possible  power  for  the  least 
possible  weight.  This  is  done  by  using  small  boilers  of  great 
strength,  maximum  heating  surface,  and  maximum  grate  area, 
working  at  a  high  rate  of  evaporation,  using  steam  of  high  pressures 
in  small  cylinders  and  running  at  high  rotational  speeds.  The 
question  of  economy  of  steam  is  compromised  for  the  sake  of  power 
combined  with  greatest  possible  reduction  of  weight.  The  engine 
and  boiler  are  each  bolted  to  the  frame  of  the  carriage.  The  frame 
is  self-contained,  and  through  it  the  whole  of  the  stresses  due  to 
the  pressure  on  the  pistons  and  the  pull  on  the  draw-bar  due  to  the 
load  are  transmitted. 

It  will  l)e  noticed  that  the  axle  of  the  trailing  wheels  is  placed 
just  behind  the  boiler,  the  axle  of  the  driving-wheels  just  in  front 
of  the  fire-box,  leaving  clearance  for  the  cranks  and  connecting-rod 
heads. 

The  bogie  carriage  works  on  a  pivot  beneath  the  cylinders.  The 
bogie  wheels  guide  the  engine  and  prepare  the  rails  to  receive  the 
weight  of  the  large  driving-wheels;  the  hind,  or  trailing  wheels, 
steady  the  engine,  while  the  driving-wheels  transmit  the  power 
of  the  engine  to  the  rail,  and  they  are  placed  as  nearly  as  possible 
under  the  centre  of  gravity  of  the  whole.  The  example  has  the 
slide-valve  chest  between  the  cylinders,  and  is  fitted  with  the 
Stephenson  link  motion. 

Plate  IV.  is  a  drawing  1  of  a  four-wheeled  coupled  express  passenger 
engine  for  the  Lancashire  and  Yorkshire  Railway,  and  designed  by 
Mr.  J.  A.  F.  Aspinall.  Figs.  421,  422  and  423  are  various  views  of 
the  same  engine.  The  cylinders  are  18  in.  in  diameter  by  26  in. 
stroke,  the  diameter  of  the  bogie-wheels  being  3  ft.  Of  in.,  and  the 
driving-wheels  7  ft.  3  in.  The  dimensions  of  the  various  parts  of 
the  engine  are  given  on  the  drawings.  The  weight  loaded  011  the 
bogie  is  13  tons  16  cwt.  ;  on  the  driving-wheels  16  tons  10  cwts. 

%  From  the  Mechanical  Engineer,  June  25,  1898. 
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and  on  the  trailing  wheels  14  tons  10  cwt. ;  making  a  total  weight, 
exclusive  of  tender,  of  44  tons  16  cwt. 

The  fire-box  is  of  the  ordinary  type,  the  roof  being  carried  by  bridge- 
bars,  supported  by  sling-stays  from  the  crown  of  the  fire-box  casing. 
The  sides  are  supported  with  copper-screwed  stays  having  eleven 
threads  to  the  inch  and  riveted  over  on  the  ends.  The  area  of  the 
fire-grate  is  18|  sq.  ft.  The  barrel  of  the  boiler  is  arranged  in 
three  plates  telescopically,  and  measures  4  ft.  3  in.  in  diameter  by 
11  ft.  between  the  tube-plates,  there  being  two  hundred  and  twenty 
tubes  with  an  external  diameter  of  If  in. 

The  total  heating  surface  of  the  tubes  is  1108  sq.  ft.,  and  of  the 
fire-box  107'6  sq.  ft.  There  are  two  Ramsbottom  duplex  safety- 
valves  fitted  on  the  cover  of  the  manhole  mouthpiece,  at  the  top  of 
the  fire-box  casing.  The  valve  gear  is  of  the  Joy's  type.  The  slide- 
valve  chests  are  above  the  cylinders,  and  thus  permit  of  a  maximum 
diameter  for  the  cylinders. 

Fig.  424  is  an  outline  drawing  of  an  exceptionally  powerful  type 
express  passenger  engine  built  for  the  Lancashire  and  Yorkshire 
Railway  by  Mr.  J.  A.  F.  Aspinall. 

The  special  feature  is  the  boiler,  which  is  much  larger  than  usual. 
The  heating  surface  is  2052  sq.  ft.  ;  the  grate  area  is  96-06  sq.  ft. ; 
driving-wheels  7  ft.  diameter,  coupled.  The  cylinders  are  19  in. 
diameter  by  26  in.  stroke ;  length  of  steam-ports,  1  ft.  5  in.  ;  width 
of  steam-ports,  1-|  in. ;  lap  of  slide-valve,  1  in.  ;  maximum  travel  of 
slide-valve,  5  in. ;  lead  of  slide-valve  (constant),  •—  in.  The  valve-gear 
is  Joy's. 

Fig.  425  is  an  outline  drawing  of  a  North-Eastern  express  passenger 
engine  by  Mr.  W.  Worsdell.  The  engine  has  inside  cylinders  20  in. 
diameter  and  26  in.  stroke. 

Fig.  426  is  an  enlarged  drawing  of  link-motion  details  for  a 
locomotive. 

Joy's  Valve  Gear.— This  gear,  as  fitted  to  locomotives,  is  illustrated 
in  Fig.  427.  From  point  A  in  the  connecting-rod,  preferably  about  the 
middle  motion  is  imparted  to  a  vibrating  link,  B,  constrained  at  its 
lower  end  to  move  in  a  vertical  plane  by  the  radius  rod  C.  From  a 
point  D  on  this  vibrating-link  a  lever,  E,  is  attached  to  a  centre  or 
fulcrum,  F.  The  lever  E  is  extended  beyond  centre  F  to  K,  from  which 
point  the  valve  spindle  is  driven  through  the  link  G.  The  fulcrum 
F  partakes  of  the  vertical  movement  due  to  the  oscillation  of  the  con- 
necting-rod in  a  vertical  plane.  To  guide  the  centre  or  pin  F  in  its 
vertical  movement,  it  is  carried  by  a  block  working  in  a  slot,  J,  which 
is  curved  to  a  radius  equal  to  the  length  of  the  link  G.  The  slot  itself 
is  formed  in  a  disc  or  block,  which  is  pivoted  on  a  centre  which 
coincides  with  the  centre  F  of  the  lever  E  at  the  moment  when  that 
lever  is  in  the  position  due  to  the  piston  being  at  either  end  of  the 
stroke.  The  disc  or  block  containing  the  slot  is  capable  of  being 
partially  rotated  on  its  centre  or  pivot,  so  as  to  incline  the  slot  over 
to  either  side  of  the  vertical  by  means  of  the  lever  M,  thereby 
causing  the  curved  path  traversed  by  the  centre  F  of  the  lever  E 
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to   cross   the  vertical   arc,    and    thereby  give   the   valve   spindle   the 
required  horizontal  movement. 


The  forward  or  backward  motion  of  the  engine  is  determined  by 
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giving   the   slot   an   inclined   position   on   one   or    other    side   of   the 
vertical  line  as  required. 

When  the  slot  is  in  an 
exactly  central  position,  this 
position  is  mid-gear  travel  of 
the  valve,  and  the  steam  is 
admitted  at  each  end  of  the 
stroke  through  a  port-opening 
equal  to  the  amount  of  the 
lead.  With  this  gear  the  lead  is 
constant  for  forward  and  back- 
ward strokes,  and  for  all  de- 
grees of  expansion.  For  when 
the  engine-crank  is  set  at  the 
end  of  the  stroke,  either  way, 
the  centre  F  of  the  valve 
lever  E  coincides  with  the 
centre  of  the  slot,  and  there- 
fore the  slot  may  be  rotated 
on  its  pivot  from  forward  to 
backward  gear  without  affect- 
ing the  position  of  the  valve. 

Fig.  428  is  an  enlarged  view  ^ 
of   the   steam   regulator-valve 
of   the    equilibrium    type,    as 
used   for  admitting   steam  to 
the  engine. 

Fig.  429  is  an  enlarged  de- 
tail drawing  of  a  Ramsbottom 
safety-valve  as  used  on  loco- 
motives. 

Train  resistance  consists  of 

(1)  Resistance  due  to  friction 
— this    is    much    modified    by 
the  effect  of  wind  and  curves ; 

(2)  resistance    due     to     gra- 
vity. 

A  formula  for  train  resist- 
ance due  to  friction,  based  on 
the  results  of  experiments,  is 
given  by  Messrs.  Pettigrew 
and  Ravenshear  l  as  follows  :  — 

R  =  9  -f-  0-007  V2 

where  R  =  resistance   in    Ibs. 

per  ton,  and 
Y  =  velocity   in    miles 
per  hour. 
1  "  Manual  of  Locomotive  Engineering,"  p.  77. 
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FIG.  428. 


FIG.  429. 
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Resistance  due  to  Gravity. — The  work  done  by  a  locomotive  in  climb- 
ing an  incline  is  found  thus  :  Let  the  line  de  (Fig.  430)  make  an 
angle  6  with  the  horizontal  line  fe.  Draw  a  vertical  line  ab  through 
the  centre  of  gravity  of  the  weight  =  W,  and  draw  ac  at  right  angles 
and  cb  parallel  to  de.  Then  ac  is  the  reaction  of  the  plane,  and  cb  is 
the  tractive  force  required.  But  triangles  def  and  bac  are  similar ; 

df      be      tractive  force 

therefore  -,-  =  — T-  = , — 3 — 

de      ab  load 

or,  tractive  force  =  resistance  =  load  x  sin  0 

The  total  resistance  R'  to  be  overcome  is  equal  to  the  sum  of  the 
resistances   due    to    friction   and 
gravity  respectively  ;  thus  : 

R'  =  (9  +  0-007  V2)  -f  2240  sin  0 

vertical  rise 

where  sin  0  =  -, r — *-• — r — 

length  of  incline         - 

and  R'  =  Ibs.  per  ton  of  load.  J 
Tractive  Force  of  Locomotives. 
— The  power  of  the  pair  of  engines 
with  cylinders  of  equal  diameter 
and  stroke,  such  as  are  used  in 
non  -  compound  locomotives,  is 
estimated  as  for  any  ordinary  case,  but  the  tractive  force  which  can  be 
transmitted  will  depend  upon  the  diameter  of  the  driving-wheel  and 
the  force  of  adhesion  of  the  wheel  and  rail. 

Work  done  in  one  cylinder  during  one  revolution  as  2  f  ^Lp  J 

where  d  =  diameter  of  cylinder  in  inches ; 
L  =  length  of  stroke  in  feet ; 
p  =  effective  mean  pressure  of  steam  per  square  inch. 

Work  done  in  two  cylinders  during  one  revolution  =  -n-d2]  p 

And  this  work  per  revolution  is  equal  to  the  tractive  force  T  X  circum- 
ference ?rD  of  driving-wheel ; 

therefore  irdT2L»  =  T?rD 


where  the  values  of  L  and  D  are  both  in  the  same  terms.  This 
is  the  formula  for  the  tractive  force  exerted  by  an  engine  ;  thus, 
for  cylinder  of  18  in.  diameter,  26  in.  stroke,  and  7  ft.  driving- 
wheels — 

1  ft  v  1  8  v  2fi 

Tractive  force  =  -  -  =100  28  Ibs. 

o± 

per  1  Ib.  mean  effective  pressure  of  steam  on  the  pistons. 

The  force  which  can  act  through  the  wheel  depends  upon  the 
adhesion  of  the  wheel  to  the  rail,  and  this  is  proportional  to  the 
weight  W  on  the  driving-wheel,  other  things  being  equal.  W  is 
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the  share  of  the  weight  of  the  engine  carried  by  the  driving-wheels,  in  a 
single  driving-wheel  engine,  but  by  coupling  the  driving-wheels  to  two 
or  more  wheels  on  each  side  of  the  engine,  the  adhesion  will  be  due  to 
the  sum  of  the  weights  on  the  coupled  wheels. 

Performance  of  Locomotives. — The  following  particulars  are  from 
tests  recently  made  of  a  London  and  South- Western  express 
engine  :  * — 

Class  of  engine        4  wheels  coupled 

Diameter  of  driving-wheels           85  in. 

„          cylinders         19  „ 

Stroke           26  ., 

Mean  boiler-pressure           167-5  Ibs. 

Grate  area 18'14  sq.  ft. 

Coal  burnt  per  square  foot  of  grate  area  per  hour  62-5t  Ibs. 

„      I.H.P.  per  hour 2-31    ., 

Calorific  value  of  1  Ib.  of  coal       13,903  B.T.U. 

Water  evaporated  per  pound  of  coal        9'232  Ibs. 

from  and  at  212°         11-35 

Feed  temperature 61°  F. 

Maximum  I.H.P 684'1 

Mean  I.H.P .: 490'6 

Maximum  vacuum  at  base  of  chimney    ...         .  .  8-5  in. 


Mean  „  „  „ 

Maximum  temperature  of  smoke-box  gases 
M -an  „  „  „ 

Mean  „  air-box  gases  ... 

Back  pressure  at  maximum  I.H.P. 
speed 


4-93  „ 
585°  F. 
488-9°  F. 
68° 

10  Ibs.  per  sq.  in. 
5-38 


The  average  steam-consumption  given  in  Mr.  Drummond's  trials  of 
non-compound  locomotives  are — 

24  Ibs.  per  I.H.P.  per  hour  at  150  Ibs.  pressure. 
18-3  Ibs.  per  I.H.P.  per  hour  at  200  Ibs.  pressure. 

Mr.  S.  Johnson2  gives  particulars  of  a  trial  of  a  single  driving- 
wheel  locomotive  on  the  Midland  Railway,  showing  that  the  engine 
burns  2 '9  to  3'1  Ibs.  of  coal,  and  uses  29  Ibs.  of  water  per  I.H.P.  per 
hour  when  the  horse-power  is  400. 

Some  extremely  interesting  experiments  with  a  locomotive  have 
been  performed  at  the  experimental  laboratory  of  the  Purdue 
University  by  Professor  W.F.M.  Goss  and  his  staff.  The  locomotive 
used  was  built  at  the  Schenectady  Locomotive  Works,  and  it  has 
cylinders  17  in.  diameter  and  24  in.  stroke. 

The  power  of  this  engine  while  running  under  a  full  throttle  and 
with  a  boiler-pressure  of  130  Ibs.  is  shown  by  the  following  table  :— 

1  Proceedings  Imt.  C.E.,  vol.  cxxv.    See  also  Messrs.  Pettigrew  and  Ravenshear's 
"  Manual  of  Locomotive  Engineering." 

2  Presidential  address,  Inst.  Mech.  Engrs.,  1898. 


THE   LOCOMOTIVE. 


INDICATED  HORSE-POWER  AT  DIFFERENT  SPEEDS  AND  DIFFERENT  CUT-OFFS. 
BOILER-PRESSURE,  130  LBS.  ;   THROTTLE  FULLY  OPEN. 


Indicated  Horse-power  at  the  following 


cut-offs  :  — 

jedin 

Revolutions 

Gin. 

8  in. 

10  in. 

15 

81 

190 

270 

25              135 

QK                              1  GO 

223 

ono 

368 

/IQ1 

455 
Km 

45 
55 


242 

296 


302 
292 


437 

438 


"  The  power  of  any  locomotive  is  limited  at  low  speed  by  its 
adhesion  ;  at  higher  speeds  by  the  capacity  of  its  boiler." 

An  important  point  to  which  Professor  Goss  calls  attention  is  the 
relation  between  the  speed  of  a  locomotive  and  its  effect  upon  the 
mean  effective  pressure  in  the  cylinder.  This  is  shown  in  the  following 
table  :— 


MEAN  EFFECTIVE  PRESSURE  AT  DIFFERENT  SPEEDS  AND  DIFFERENT  CUT-OFFS. 
BOILER-PKESSURE,  130  LBS.;  THROTTLE  FILLY  OPEN. 


Mean  effective  pressure  at  the  following 

cut-offs : — 

Speed  ia     i  Revolutions  ! 
miles.         per  minute 


15 
J?5 
35 
45 
55 


81 
135 

188 
242 
296 


6  in. 

8  in. 

10  in. 

43-5 

61-9 

30-5 

51-2 

633 

29-6 

42-4 

48-0 

23-2 

33-2 



18-3 

27-4 

— 

These  two  tables  show  "  that  the  power  of  the  engine  tested 
increases  with  increase  of  speed  up  to  about  35  miles  per  hour  (188 
revolutions  per  minute).  Above  this  limit  the  power  remains 
practically  constant." 

The  reason  of  this  is,  of  course,  that  as  the  speed  increases  the 
mean  pressure  of  the  steam  in  the  cylinder  at  the  same  time  falls,  and 
the  product  of  mean  pressure  and  piston  speed  is  about  constant 
above  a  certain  speed. 

With  regard  to  the  steam-consumption  of  locomotives,  Professor 
Goss  gives  the  following  table  : — 
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STEAM-CONSUMPTION  PER  INDICATED  HORSE-POWER  PER  HOVR  AT  DIFFERENT 
SPEEDS  AND  DIFFERENT  CUT-OFFS. 


Speed  in 
miles. 


15 
25 
35 
45 

55 


Steam-consumption  in  pounds  per  I.H.P. 

per  hour. 

Revolutions 
per  minute. 

Cut-off  in  inches  of  stroke. 

6  in. 

sin. 

10  in. 

81 

28-93 

27-66 

135 

28-06 

26-60 

28-6 

188 

26-93            26-28 

30  I 

242 

28-60            28-45 



29tf 

30-64 

32-00 

— 

The  compound  locomotive  has  made  some  progress  in  recent  years, 
especially  on  the  Continent  and  in  Amercia,  but  it  has  not,  so  far, 
been  very  generally  adopted  in  this  country. 

The  most  notable  exceptions  to  this  statement  are  the  engines 
built  by  Mr.  Webb  for  the  London  and  North- Western  Railway,  and 
those  by  Mr.  T.  W.  Worsdell  for  the  Great  Eastern  and  North 
Eastern  Railways. 

Fig.  431  illustrates  the  Webb  compound  three-cylinder  engine, 
consisting  of  two  outside  high-pressure  cylinders  14  in.  diameter  and 
24  in.  stroke,  which  drive  outside  cranks  on  the  trailing  wheels ; 
and  one  large  low-pressure  inside  cylinder  30  in.  diameter  and  24  in. 
stroke,  placed  between  the  frames  and  below  the  smoke-box,  driving 
on  to  the  single  crank-axle  of  the  middle  pair  of  wheels. 

More  recently  Mr.  Webb  has  designed  an  engine  with  four 
cylinders  (Fig.  432),  two  outside  high-pressure  cylinders  15  in. 
diameter,  and  two  inside  low-pressure  cylinders  16 \  in.  diameter. 
All  the  cylinders  are  24  in.  stroke.  These  are  all  situated  in  a  line 
below  the  smoke-box,  and  all  drive  on  to  one  axle.  There  are  two 
coupled  pairs  of  wheels  7  ft.  1  in.  diameter. 

Various  experiments  have  been  carried  out,  proving  generally  the 
superior  economy  of  the  compound  engine,  varying  in  amount  of  from 
9  to  17  per  cent,  or  more.  But  less  convenience  and  promptness  in 
handling,  are  stated  as  reasons  for  the  general  preference  for  the 
simple  type. 
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CHAPTER  XXVI. 

THE  STEAM  TURBINE. 

THE  introduction  of  the  dynamo  was  the  beginning  of  a  demand  for 
high  speed  of  rotation  of  prime  movers.  Originally  the  dynamo  ran 
much  faster  than  the  engine  which  drove  it,  and  a  belt  connection 
between  the  engine  and  dynamo  was  always  resorted  to.  The  problem 
at  that  time  for  dynamo  designers  was  how  to  design  a  dynamo 
which  could  run  direct-coupled  to  the  slow-revolution  engine,  and 
the  solution  resulted  in  designs  having  extremely  large  diameters. 
At  the  same  time,  by  the  efforts  of  Willans,  Belliss,  and  many  others, 
the  high-speed  or  quick-revolution  engine  was  introduced,  which  ran 
at  such  a  speed  that  dynamos  of  moderate  dimensions  could  be  direct- 
coupled  to  the  engine  driving  them. 

Meanwhile,  many  engineers  and  inventors  were  working  on  the 
idea  of  a  steam  turbine  which  should  be  capable  of  doing  work  on  a 
practical  scale  by  the  kinetic  energy  of  steam  issuing  from  a  jet  at 
high  velocity.  With  the  success  of  these  efforts  the  problem  was 
entirely  reversed,  and  it  now  became  the  question  how  to  design  a 
dynamo  which  should  be  efficient  at  the  extremely  high  rate  of 
rotation  of  the  turbine  spindle,  an  even  more  difficult  problem  than 
the  first  one  for  continuous-current  work. 

All  these  designs  of  low  and  high  rates  of  rotation  have  their 
advantages  and  their  limitations,  but  there  is  probably  a  field  for 
all  of  them,  each  in  its  way  being  more  suitable  than  the  others  under 
certain  conditions. 

At  the  lower  powers  the  reciprocating  engine  will,  no  doubt,  hold 
its  own,  but  for  the  highest  powers  the  steam  turbine,  for  certain 
classes  of  work,  appears  to  be  gradually  superseding  the  reciprocating 
engine. 

Among  the  most  successful  practical  designs  of  steam  turbines 
now  in  use  in  this  country  may  be  mentioned  the  Parsons,  the 
De  Laval,  the  Westinghouse- Parsons,  and  the  Curtis. 

Action  of  a  Jet  upon  the  Vanes  of  a  Turbine.— Considering  first 
the  simple  case  of  a  jet  of  water  impinging  on  a  series  of  flat  vanes, 
as  in  a  water-wheel,  the  jet  striking  the  vanes  at  right  angles  to  their 
surface. 

Here  the  function  of  the  vane  is  to  change  the  direction  of  flow 

2  c 
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of   the  jet,  the   pressure  on  the  vane  being  due   to  the  change  of 

momentum  of  the  fluid  mass.  In 
Fig.  433  the  fluid,  after  impact,  flows 
away  in  a  direction  at  right  angles 
to  the  surface,  and  the  pressure  or 
impulse  of  the  jet  upon  the  vane 
is  equal  to  the  change  of  momentum 
per  second  — 

W 

=  ~  (v  ~  u}  lbs-  •     •     OO 


V 


UL 


FIG.  433. 


I  where  v  is  the  velocity  of  the  jet,  u  is 

the  velocity  of  the  wheel,  and  W  is  the 
weight  of  water  impinging  per  second. 
W, 


The  work  done  per  second  =  —  (v  —  u)u  ft.-lbs.  (ii.) 

y 

and  the  total  kinetic  energy  of  the  jet  =  -~  — 
therefore  the  efficiency  of  the  arrangement  =  E  —  (i.)  4-  (ii.) 


(iii.) 


Differentiating  we  have  — 


_ 

du       v       v* 
Equating  to  0  to  find  the  condition  of  maximum  efficiency,  we  have— 


-  -  —  -  =  0,  or  u  = 


that   is,    the   efficiency    becomes   a   maximum    when    the    peripheral 
velocity  of  the  wheel  is  one-half  the  velocity  of  the  jet. 

EXAMPLE. —  Let  a  jet  with  an 
initial  velocity  of  200  ft.  per 
second  impinge  on  the  vanes  of 
a  wheel,  and  let  the  weight  of 
fluid  discharged  from  the  jet  be 
10  lbs.  per  second. 

Then  the  kinetic  energy  of  the 

Wv2      10  X  200  X  200 
jet-- 


EFFICIENCY  % 
0  5  8  g  g  § 

r*i 

/ 

\ 

/ 

\ 

/ 

\ 

/ 

\ 

/ 

\ 

)        2       "4       -6        8      !•( 

Fid.  434. 

2  x  32-2 
-  6211  foot-lbs. 

Taking  various  values  for  u, 

v      v      v 
namely,  y^,   ^>    <~>  etc.,  calcu- 

V  lating  efficiencies   and  plotting, 
we  obtain  the  curve  as  in  Fig. 

434,  showing  that  the  maximum  efficiency  is  obtained  when  u  =  x. 
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Thus,  when  u  —  — — 

W 

work  done  on  the  vanes  =  — (v  —  u)u 

=  1° (200  -  80)80  foot-lbs, 

-  2981  foot-lbs. 

2981 
and  efficiency  =  ==  0'48 


The  maximum  efficiency  is  50  per  cent.,  which  is  the  best  that  can 
be  obtained  with  this  shape  of  vane. 

Taking  now  a  vane  cup-shaped,  as  in  the  Pelton  wheel,  we  have 
the  water  leaving  the  vane  in 
a  direction  exactly  opposite  to 
that  of  the  original   jet;    the 

velocity  of  the  jet  relatively  to  \/  — *.  fZ^'^^s^^^  — >-  \JL 
the  wheel  is  (v  —  w)  when  enter- 
ing the  wheel,  and  —  (v  —  u) 
when  leaving  it.  The  absolute 
velocity  of  the  jet  when  leaving 
the  wheel  —  u  —  (v  —  u)  —  'lu  —  v.  Then  the  pressure  or  impulse  on 
the  vanes  of  such  a  wheel  is  equal  to  the  change  of  momentum  per 
second. 

W  W 

-{„_  (2n-  v)\=  2-  (v-  it)lbH.     .     .     .     (iv.) 

si     t  \  *  i  ^*    V  /  \  * 

7  / 

W 
and  the  work  done  per  second  =  2 — (v  —  u)u  foot-lbs.      ,       (v.) 

(   W  )       W 

the  efficiency  E  =  |2— (v  -  »>J  4-  -^ 

«/  *' 

=-(t^M (-) 


,, 

then 


4:(V  —  U\U         ^ 

-        —  i-  =  1 


that  is,  if  the  peripheral  velocity  of  the  wheel  is  half  the  velocity  of 
the  jet,  then,  with  the  semicircular  cup-shaped  vane,  the  efficiency 
is  unity,  or  100  per  cent. 

Comparing  equations  (i.),  (ii.),  and  (iii.)  with  equations  (iv.),  (v.),  and 
(vi.),  we  see  that  the  pressure  on  the  vane,  the  work  done,  and  the 
efficiency  of  the  semicircular  vane  are  in  each  case  double  that  with 
the  flat  vane. 

Pressure  Head  and  Kinetic  Head.  —  It  has  been  already  shown 
(p.  14)  that  when  gas  or  steam  at  a  pressure  pl  acts  upon  a  piston 
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against  a    back  pressure  p2,   the  work  done   during   admission    and 
expansion  — 


n  j  /|?2V^) 

=  n-l^\l-(jn    \ 


When  steam  at  a  pressure  pl  meets  with  no  resistance  to  its  flow, 
but  is  allowed  to  flow  freely  from  pressure  pl  to  pressure  pzt  the 
energy  is  absorbed  in  giving  motion  to  the  steam,  the  "pressure 
head  "  is  converted  into  "  kinetic  head,"  and  the  velocity  of  the  flow 
is  accelerated. 

These  two  forms  of  energy  are  interchangeable  —  in  other  words,  the 
loss  of  pressure  head  is  equal  to  the  gain  of  kinetic  head.  Thus  — 

kinetic  head  =  pressure  head 


In  the  reciprocating  engine  work  is  done  by  means  of  "  pressure 
head  ;  "in  the  steam  turbine  work  is  done  by  means  of  "  kinetic  head." 
Given  equal  efficiency  of  machines,  the  work  which  may  be  done 
theoretically  by  the  two  modes  of  application  of  the  steam  is  equal. 
In  practice,  there  are  sources  of  loss  of  efficiency  in  both  reciprocating 
engines  and  turbines,  but  there  are  reasons  for  concluding  that,  at 
least  for  higher  powers,  the  turbine  is  the  more  efficient  machine. 

Velocity  of  the  Steam.  —  To  determine  the  dimensions  of  the 
turbine  to  deal  with  a  given  weight  of  steam,  it  is  necessary  to  know 
the  velocity  acquired  by  the  steam  due  to  the  liberated  energy  for  a 
given  fall  of  pressure  ;  also  to  know  the  change  in  specific  volume  due 
to  the  same  change  of  pressure. 

The  velocity  (V)  of  the  steam  for  a  given  fall  of  pressure  p^  to  p.2 
may  be  obtained  from  the  following  equation,  which  is  deduced  from 
the  equation  above  :  — 


V    - 

EXAMPLE  1. — Find  the  velocity  acquired  by  steam  at  an  initial 
pressure  of  150  Ibs.  per  square  inch  absolute,  falling  freely  to  a 
pressure  of  15  Ibs.  abs. 


-       /  2ffn          I-,        /.Pa 

V  JmH1 -V(A) 


=       /64'4 

\/ 


O'loO 

=  2916  ft.  per  second 
EXAMPLE    2.—  Find   the  velocity  acquired    by  steam   at  an  initial 
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pressure   of    150  Ibs.   per    square    inch    absolute,  falling   freely  to    a 
pressure  of  1  Ib.  abs. 


V  = 


2gn          I          /M-"11 

rT^rH1  - ffl  n  j 


V 


35  X  150  X  144  X  3-011  X  0-4519 


0-135 
=  3989  ft.  per  second 

A  more  accurate  method  of  determining  the  steam  velocity  V  is 
to  equate  the  kinetic  energy  to  the  change  of  internal  heat  energy  in 
the  steam.  Thus,  in  falling  from  pressure  pl  to  p.z  without  resistance, 
the  work  done  in  generating  velocity  in  the  steam  is  equal  to  the 
difference  of  heat  energy  in  the  steam  before  and  after  the  expansion 
(see  pp.  55,  56)  — 

V2 
or  _-  =  J(A,  -  h.2  +  aA  -  o;2L2) 

2ff 

Assuming  the  steam  dry  to  begin  with,  and  its  initial  velocity  at 
pl  equal  to  zero,  then  — 


its  velocity  atp2  =  V  =  JZgJfa  -  Ji2  +  Lx  -  a?2La) 
where  x*  is  the  dryness  fraction  of  the  steam  after  expansion  (p.  44)  — 

LAT2 


EXAMPLE.  —  Let  dry  saturated  steam  at  an  initial  pressure  of 
150  Ibs.  abs.  expand  adiabatically  to  15  Ibs.  abs.  ;  then  the  heat 
converted  into  the  work  of  generating  kinetic  energy  is  obtained  as 
follows  :  — 

First  find  *2,  which  =  (log,  ^  +  |)g 

(From  the  tables)  *,  =  (log,^  +  gg  =  0-874 

The  value  of  #2  may  be  obtained  by  direct  measurement  from  the 
temperature-entropy  chart  (Plate  I.),  as  explained  011  pp.  44,  45. 

Then  for  steam  at  pl  =  150,  h,  +  ^  =  1191-2 

„  „        p.2  =  15,  A,  +  a2L2  =  181-8+  0-874  x  965-1 

=  1025-3 

Then  heat  converted  into  work  =  1191-2  -  1025-3 

=  165-9  B.T.U. 

And  velocity  V  generated  in  the  steam  at  pressure  p.2,  assuming 
all  the  energy  is  used  in  accelerating  the  steam,  also  that  the  initial 
velocity  =  0,  is  obtained  as  follows  :— 


390 


STEAM-ENGINE    THEORY  AND  PRACTICE. 


V  =  J2gj  x  165-9 

=  v/64-4  x  778  x  165-9 
=  2882  ft.  per  second 

Fig.  436  shows  a  curve  of  heat  units  liberated  for  a  given  fall  of 
pressure  from  p1  =  10  atmospheres  downwards.  The  ordinates  are 
heat  units,  and  the  abscissae  pressures  per  square  inch  in  atmospheres. 
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WORK-PRESSURE  CURVE. 
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FIG.  436. 


In  Fig.  437,  the  upper  curve  (starting  from  10  and  passing  through 
K  and  L)  is  a  curve  of  velocities,  V,  upon  a  pressure  base,  showing 
how  for  a  given  fixed  pressure  p^  here  taken  at  10  atmospheres  per 
square  inch  absolute,  the  velocity  of  a  freely  flowing  current  of  steam 
increases  as  the  pressure  p.2  is  reduced. 

The  way  in  which  the  kinetic  energy  of  the  steam  is  applied  differs 
with  different  designs  of  turbines  :  thus,  (1)  the  steam  may  be  allowed 
to  fall  at  once  through  the  whole  range  of  pressure  in  the  nozzle,  after 
which  the  steam  at  its  maximum  velocity  is  directed  upon  the  vanes 
of  a  single  turbine  wheel,  as  in  the  case  of  the  De  Laval  turbine  ;  or 
(2)  the  steam  may  act  by  a  series  of  successive  small  reductions  of 
pressure  upon  a  number  of  successive  alternating  fixed  guide-blades 
and  turbine  wheels  upon  a  single  axis,  each  separate  wheel  dealing 
with  a  limited  portion  of  the  pressure  range,  as  in  the  case  of  the 
Parson's  turbine  ;  or  (3)  any  combination  of  these  methods,  as,  for 
examp'e,  the  Rateau  and  the  Curtis  turbines. 
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In  the  De  Laval  turbine,  in  consequence  of  the  whole  of  the 
liberated  heat  energy  of  the  steam  being  converted  into  velocity  in 
the  nozzle,  the  steam  enters  the  wheel  at  from  3000  ft.  to  4000  ft.  per 
second,  depending  on  the  exhaust  pressure.  Since  the  theoretical 
speed  of  the  wheel  should  be  one-half  that  of  the  steam,  we  should 
have  a  peripheral  wheel  speed  of  1500  to  2000  ft.  per  second.  But 
this  speed,  which  is  equal  to  about  one- third  of  a  mile  per  second,  is 
far  in  excess  of  what  is  practically  safe,  both  because  of  the  stress  in 
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FIG.  437. 

the  material  due  to  centrifugal  force,  which  increases  as  the  square  of 
the  velocity,  as  well  as  from  the  difficulty  of  balancing  the  rotating 
mass ;  and  in  practice  the  peripheral  speeds  adopted  are  much  lower, 
though  at  the  expense,  of  course,  of  thermal  efficiency. 

In  Fig.  437  is  shown  diagrammatically  the*  means  adopted  in  a 
multiple  wheel  turbine  for  obtaining  a  high  thermal  efficiency  while 
keeping  down  peripheral  speeds. 

The  upper  continuous  curve,  as  stated  above,  gives  the  velocity 
obtained  in  a  single  nozzle  for  a  fall  of  pressure  through  the  whole 
range,  which,  if  used  in  a  single  wheel,  requires  for  maximum  thermal 
efficiency  a  peripheral  speed  of  wheel  given  by  line  AB. 

The  serrated  horizontal  line  drawn  about  CD  shows  how  the  energy 
of  the  steam  may  be  utilized  while  keeping  down  peripheral  speeds. 

Considering  each  single  set  of  fixed  and  moving  blades  as  a  separate 
and  independent  turbine,  the  velocity  of  the  steam  depends  on  the 
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difference  of  pressure  on  the  two  sides  of  the  rings  of  blades,  and  this 
pressure  difference  can  be  made  very  small,  depending  as  it  does  upon 
the  number  of  rings  of  blades  employed. 

In  Fig.  437,  the  case  is  taken  of  steam  moving  with  a  mean 
peripheral  velocity  of  750  ft.  per  second. 

The  increase  of  velocity  (as  at  GH  =  QH  —  PG)  in  passing  from 
ring  to  ring  of  blades  is  due  to  fall  of  pressure  (OP  —  OQ)  on  the  two 
sides  of  the  blades. 

The  fall  of  velocity  (as  at  HJ  =  QH  —  QJ)  represents  the  difference 
between  the  absolute  velocity  of  the  steam  on  entering  and  on  leaving 
the  blades  of  the  rotatory  wheel. 

Each  of  the  slanting  lines,  such  as  GH,  drawn  about  the  mean- 
velocity  line  CD  is  parallel  to  the  corresponding  portion  of  the  upper 
velocity  curve  for  the  same  range  of  pressures  ;  thus  GH  is  parallel  to 
KL,  each  of  these  lines  representing  the  rate  of  increase  of  velocity 
due  to  a  fall  of  pressure  from  OP  to  OQ.  The  vertical  lines  through 
P,  Q,  B,  and  S  are  drawn  by  dividing  the  velocity  scale  into  a  number 
of  equal  distances,  as  NM  and  TV,  projecting  to  the  curve  and 
dropping  perpendiculars. 

It  will  be  seen  from  the  diagram  that  a  given  increment  of  velocity 
(and  therefore  of  energy)  requires  a  fall  through  a  larger  range  of 
pressure  at  the  high-pressure  end  of  the  scale  than  at  the  low-pressure 
end  ;  thus  NM  and  TV  are  equal  ranges  of  velocity,  but  PQ  is 
greater  than  RS. 

Area  of  the  Steam  Passages.  —  In  the  case  of  an  ordinary  steam 
nozzle,  as  also  in  the  case  of  the  steam  turbine  itself,  the  same  weight 
of  steam  is  passing  per  second  through  the  successive  sectional  areas 
of  the  current,  though  the  pressure,  the  velocity,  the  specific  volume, 
and  the  sectional  area  respectively  will  each  vary  from  point  to  point 
of  its  path  through  the  turbine  from  the  stop-valve  to  the  exhaust. 

The  sectional  area  of  the  passages  at  the  various  points  of  its  course 
per  pound  of  steam  employed  is  given  by  the  equation  — 


for  any  given  pressure  j)n,  where  A  =  the  sectional  area  of  the  steam 
passage  in  square  feet  per  pound  of  steam  employed  ;  V  =  the  velocity 
of  the  steam  in  feet  per  second  ;  and  v  -  the  specific  volume  or  volume 
per  pound  in  cubic  feet  at  the  given  pressure  p,  or  — 

specific  volume 
area  =  -=— 

velocity 

Mg.  438  is  a  curve  showing  how  the  sectional  area  of  the  current 
varies  for  steam  starting  at  a  pressure,  pl  =  150  Ibs.  abs.,  and  ex- 
panding without  resistance  to  pressure  p%  (the  pressure  in  the  con- 
denser). 

The  horizontal  base  is  a  scale  of  pressures,  and  the  vertical  scale  is  a 
scale  of  areas  in  square  feet.  At  each  successive  point  on  the  pressure 
line  ordinates  A  are  set  up,  by  calculation  from  the  formula  — 

A  =  v  ~  V 
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where  v  is  measured  for  the  successive  pressures  from  Fig.  439,  and 
V  from  the  upper  curve  of  Fig.  437. 

From  Fig.  438,  and  using  the  same  range  of  pressure,  we  may  obtain 
a  longitudinal  section  or  profile  of  a  suitable  nozzle  to  deal  with  the 
weight  of  steam  required ;  thus  (area  per  pound  of  steam)  X  (weight 
of  steam)  =  area  required  ;  and  diameter  at  any  section  of  nozzle 
-f-  0'78. 


4-5 


I  30 


AREA-PRESSURE  CURVE 


AREA 


4-5 


4-0 


3-5 


3'0 


2-0 


15 


1-0 


76543 

PRESSURE  IN  ATMOSPHERES 
FIG.  438. 


Fig.  440  shows  the  longitudinal  section  of  nozzle  constructed  by 
making  the  ordinates  =  D  calculated  as  above,  and  by  setting  off  the 
abscissae  to  a  scale  of  pressures,  the  scale  chosen  being  preferably  some 
function  of  the  pressure,  such  as  log  p.  The  nozzle  must  not  be  made 
too  short,  otherwise  eddying  and  confusion  of  currents  is  set  up,  which 
reduces  the  efficiency. 

It  will  be  seen  that  the  nozzle  at  first  rapidly  converges  till  it 
reaches  a  narrowest  section  or  throat  (B). 

In  the  case  of  steam  (unlike  that  of  a  liquid,  where  the  volume 
is  constant),  the  sectional  area  of  a  suitable  nozzle  must  provide,  not 
only  for  the  increasing  velocity  due  to  fall  of  pressure,  but  for  the 
increasing  specific  volume  due  to  the  same  cause.  It  will,  of  course, 
be  noticed  that  these  two  variables  are  opposite  in  tendency  in  their 
influence  upon  the  sectional  area  of  the  passage,  the  increased  velocity 
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requiring  reduced  sectional  area,  and  the  increased    specific    volume 
requiring  increased  sectional  area. 
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The  nozzle  is  convergent  at  first,  because  as  the  pressure  falls  the 
velocity  increases  faster  than  the  specific  volume,  and  thus  the  value  of 
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A  =  t?/V  decreases.  This  continues  till  the  pressure  reaches  a  limiting 
value,  where  A  is  a  minimum.  Beyond  this  point  the  nozzle  is 
divergent,  because  the  rate  of  increase  of  v  is  greater  than  the  rate 
of  increase  of  V  ;  hence  the  value  of  A  =  w/V  increases,  the  rate  in- 
creasing slowly  at  first,  but  afterwards  rapidly  at  the  lower  pressures. 

Maximum  Rate  of  Flow  through  an  Orifice.—  Considering  the 
case  of  the  flow  of  steam  through  a  simple  orifice,  then,  for  a  given 
constant  value  of  pl  of  the  initial  steam,  as  the  back  pressure  p.2  is 
reduced  the  velocity  of  flow  through  the  orifice  increases,  and  this  con- 
tinues to  be  the  law  so  long  as  pz  does  not  fall  below  a  certain  critical 
pressure. 

This  pressure  is  reached  when  pz  =  pl  X  0*58.  Thus,  if  the  initial 
pressure  p^  =  150  Ibs.  abs.,  and  steam  flows  from  a  vessel  at  this 
pressure  through  an  orifice  against  an  exhaust  pressure  p.2,  the  rate  of 
flow  will  increase  as  the  back  pressure  p,  is  reduced,  till  the  pressure  p., 
at  the  orifice  =  150  X  0'58  =  87  Ibs.  At  this  pressure  we  have  now 
reached  the  maximum  rate  of  flow.  Any  further  reduction  of  back 
pressure  pz  will  have  no  effect  in  increasing  the  rate  of  flow  through 
the  orifice. 

This  law  is  embodied  in  Napier's  formula,  namely  — 


where  W  =  maximum  flow  of  steam  in  pounds  per  second  through  an 
orifice  of  area  a  sq.  ins.,  provided  that  the  back  pressure  jpa  is  not  higher 
than  0-58  jpx. 

This  determines  the  maximum  iveight  of  steam  which  can  flow  through 
a  given  orifice  for  a  given 
value  of  plm 

The  kinetic  energy  of 
the  steam  at  the  orifice  is 
that  due  to  the  heat  libe- 
rated by  the  fall  of  pres- 
sure from  pl  to^  X  0*58 
only.    By  further  expand-        .....  i_  .......  ± 

ing  the  steam  beyond 
the  orifice,  in  a  suitably 
shaped  nozzle,  to  the 
pressure  p2  in  the  con- 
denser, the  remaining 
available  kinetic  energy  of 
the  steam  may  be  utilized. 

Diagram  of  Velocities 
for  a  Single-wheel  Tur- 
bine.— Let  DB  (Fig.  441) 
represent  the  curved  form 
of  the  blades  projecting 
from  the  rim  of  the  turbine  wheel,  and  receiving  and  exhausting  the 
steam  at  given  angles  with  the  plane  of  the  wheel.  Let  CA  be  the 
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direction  and  absolute  velocity  Yft  of  the  entering  steam,  making  an 
angle  a  with  the  plane  of  the  wheel,,  and  VT  the  peripheral  velocity 
of  the  wheel. 

From  A  draw  AD  parallel  to  the  plane  of  rotation  of  the  wheel, 
and  equal  to  the  velocity  of  the  wheel-blade  VT,  then  CD,  making  an 
angle  j3  with  the  plane  of  the  wheel,  represents  the  'direction  and 
velocity  Y6  to  scale  of  the  entering  steam  relatively  to  the  rotating 
wheel-blade. 

NOTE. — CA  may  be  considered  as  the  path  of  a  shot  from  a  rifle,  and 
DA  the  path  of  a  moving  target,  then  the  shot  fired  from  C  with 
velocity  and  direction  CA,  at  a  target  with  velocity  and  direction  DA, 
will  have  a  precisely  similar  effect  to  that  of  a  shot  fired  from  C  with 
velocity  and  direction  CD  when  the  target  is  still.  Thus  the  direction 
and  absolute  velocity  of  the  shot  =  CA,  but  the  direction  and  velocity 
relatively  to  the  moving  target  =  CD. 

Let  BF  represent  the  velocity  and  direction  of  the  steam  leaving  the 
blade,  and  making  in  this  instance  an  angle  of  exit  0  with  the  plane  of 
the  wheel  equal  to  the  angle  of  entrance  (3.  If  the  passage  between 
the  blades  is  parallel,  and  there  is  no  fall  of  pressure,  then  BF  =  Y6. 
From  F  draw  FG  =  YT  parallel  to  the  plane  of  the  wheel ;  then  BG  = 
Vc  =  the  absolute  velocity  of  the  steam  leaving  the  wheel,  and  the 
direction  which  it  makes  with  the  plane  of  the  wheel  =  <$. 

In  order  that  the  steam  shall  flow  smoothly  on  to  the  vanes  of 
the  turbine  and  not  strike  them  abruptly  and  thereby  cause  loss  by 
shock,  the  design  must  be  so  arranged  that  the  tangent  to  the 
entering  surfaces  of  the  vanes  shall  be  parallel  to  the  line  of  flow  of  the 
steam. 

Thus  CD  is  tangent  to  the  entering  edge  D  of  the  vane  DB. 

The   kinetic    energy    given   up   by   the   steam    is    represented   by 

WYY  2  —  Y 2) 

— — ',  and  the  efficiency  of  the  turbine  as  a  machine  is  propor- 

y  2  _  y  2 
tional  to     "^  2     c-. 

To  obtain  a  maximum  efficiency,  it  is  obvious  that  the  steam  should 
leave  the  turbine  at  the  lowest  possible  velocity — in  other  words,  that 
Yc  shall  be  a  minimum. 

In  Fig.  442,  K  and  L  represent  two  rows  of  fixed  guide-blades,  and 
M  a  row  of  moving  blades  between  them.  Line  Ya  represents  the 
absolute  velocity  of  the  steam  leaving  the  guide-blades  K  and  im- 
pinging on  the  blades  M  of  the  rotating  wheel.  Line  Y6,  making  an 
angle  fi  with  the  plane  of  the  wheel,  is  tangent  to  the  entering  edge 
of  the  moving  blade,  and  is  parallel  to  the  direction  (relatively  to  the 
wheel)  of  the  steam  current  entering  the  blades. 

The  steam  now  flows  between  the  blades  of  the  moving  wheel, 
following  the  concave  surface  of  the  blade,  and  passes  out  on  its  way 
to  the  next  row  of  guide-blades  at  an  angle  of  exit  0. 

When,  however,  the  velocity  of  the  wheel  is  considered,  the  direc- 
tion of  the  steam  entering  the  next  row  of  guide-blades  is  that  given 
by  Yc  making  an  angle  <jf>  with  the  plane  of  the  wheel.  This  line 
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should  be  parallel  to  the  tangent  to  the  entering  surface  of  the  fixed 
guide-blades. 


FIG.  442. 


Fig.  443  shows  how  steam  at  a  high  velocity,  CA,  and  with  a 
turbine  speed  AD  or  EF,  may  be  employed  to  act  upon  a  series  of 
successive  turbine  wheels  and  guide-blades  so  as  to  absorb  the 


FIG.  443. 

kinetic  energy  of  the  steam  and  deliver  it  finally  at  a  much  reduced 
velocity,  RS.  CD  =  DE,  DF  =  FG,  and  so  on.  It  will  be  noticed  that 
the  entrance  and  exit  angles  of  the  blade  surface  are  approximately 
tangent  to  the  entrance  and  exit  angles  of  the  steam. 

THE  DE  LAVAL  STEAM  TURBINE. 

This  turbine  was  introduced  in  its  present  form  by  Dr.  De  Laval 
about  1889,  and  it  is  used  generally  for  small  powers  varying  from 
5  H.P.  to  300  H.P.  It  consists  of  a  single  turbine  wheel  mounted 
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on  a  flexible  spindle,  the  bearings  on  each  side  of  the  wheel  being 
some  distance  apart.  The  wheel  is  driven  by  steam  projected  on  to 
its  blades  at  a  velocity  of  from  3000  to  4000  ft.  per  second  through 
nozzles,  the  exhaust  from  the  vanes  flowing  at  a  much  reduced 
velocity  into  the  air  or  into  a  condenser,  the  kinetic  energy  of  the 
steam  being  converted  into  kinetic  energy  of  the  wheel. 

The  revolutions  of  the  turbine  wheel  vary  from  30,000  revs,  per 
minute  for  a  small  5-H.P.  turbine,  with  a  wheel  diameter  to  centre 
of  blades  of  4  ins.,  and  a  peripheral  speed  of  515  ft.  per  second, 
to  10,600  revs,  per  minute  for  a  300-H.P.  turbine,  with  a  wheel 
diameter  of  30  ins.  and  a  peripheral  speed  of  1378  ft.  per  second. 


FIG.  444.— DE  LAVAL  WHEEL  AND 

NOZZLES. 


FIG.  445. — SECTION  OF  DE  LAVAL 
NOZZLE. 


Owing  to  the  extremely  high  speed  of  this  turbine  spindle,  a  pinion 
is  mounted  on  its  outer  end,  gearing  into  a  very  carefully  made, 
machine-cut,  double  helical  wheel  giving  a  reducing  speed  ratio  of 
10  to  1.  The  driving-pulley  which  is  fixed  on  the  wheel  axis  thus 
runs  at  one-tenth  the  speed  of  the  turbine  spindle  (see  Fig.  446). 

It  is  found  to  be  impossible  to  perfectly  balance  a  wheel  rotating 
at  so  high  a  speed,  but  the  difficulty  of  excessive  vibration  was 
overcome  by  constructing  a  flexible  turbine  spindle  with  a  self- 
aligning  bearing,  by  means  of  which  the  wheel  is  enabled  to  rotate 
about  its  own  centre  of  mass. 

There  are  vibrations  with  such  an  arrangement  which  increase  with 
the  number  of  revolutions  of  the  wheel,  but  at  a  certain  speed  called 
the  "critical  speed"  of  the  wheel,  it  takes  up  a  new  centre  of  rotation 
and  the  vibrations  disappear,  a  phenomenon  known  as  the  "  settling  " 
of  the  wheel.  In  the  De  Laval  turbine  the  critical  speed  is  one-sixth 
to  one-eighth  the  standard  number  of  revolutions  of  the  wheel.1 

On  account  of  the  very  high  speed  of  the  shaft  its  diameter  is  very 
small,  and  it  is  therefore  easy  to  make  it  flexible.  The  shaft  of  a 

1  See  lecture  by  Mr.  Andersson,  issued  by  Messrs.  Greenwood  &  Batley,  Leeds. 
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A,  Steam  stop  valve ;  B,  steam  chest  cover ;  C,  steam  sieve  ;  D,  governor  valve  or 
throttle  valve ;  E,  steam  chest ;  F,  turbine  wheel ;  G,  shaft  for  belt  pulley ; 
If,  pinion;  J,  gearing  wheel;  L,  flexible  shaft;  M,  belt  pulley;  N,  exhaust 
outlet;  O,  cover  for  exhaust  chamber;  P,  ball  bearings;  K,  exhaust  chamber; 
S,  tightening  bearings  ;  T,  gear  case  ;  U,  sight  feed  lubricators  ;  V,  drain  cock 
for  steam  chest;  X,  centrifugal  governor;  Y,  safety  bearing ;  Z,  ditto;  A', 
isolating  plate. 

FIG.  446.— SECTION  OP  DE  LAVAL  STEAM  TURBINE. 
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150  H.P.  De  Laval  turbine  is  only  1  in.  in  diameter.  A  feature  of 
this  turbine  is  that  the  steam  is  expanded  to  the  full  in  the  nozzle 
before  entering  the  turbine. 

The  shape  of  the  nozzle  employed  is  divergent  (see  Figs.  445  and 
447)  and  consists  of  three  parts,  namely — (1)  The  throat  at  the  admis- 
sion end  of  the  nozzle,  which  is  or  may  be  looked  upon  as  the  extremity 
of  a  convergent  nozzle  preceding  it,  and  where  the  pressure  of  the 
steam  approaches  its  critical  value ;  (2)  a  divergent  part,  in  which  the 
steam  expands  to  its  terminal  pressure ;  (3)  a  parallel  part,  in  which 
the  steam-particles  are  directed  in  parallel  lines  upon  the  vanes :  this 
part  is  preferably  made  rectangular  and  of  suitable  dimensions  to 
efficiently  direct  the  steam  on  to  the  vanes.  The  quantity  of  steam 
that  will  be  delivered  in  the  unit  of  time  depends  upon  the  area  of 
the  smallest  transverse  section  of  the  nozzle. 

Steam  is  admitted  to  the  turbine  by  a  number  of  nozzles  set  at 
an  angle  of  20°  with  the  plane  of  the  wheel  (see  Figs.  445  and  447), 


FIG.  447. — DE  LAVAL  NOZZLE  AND  SHTJTTING-OFF  VALVE. 


and  the  steam-supply  is  regulated  by  completely  shutting  off  one  or 
more  of  the  nozzles,  leaving  the  others  wide  open  instead  of  throttling 
all  the  nozzles.  The  larger  the  machine  the  larger  the  number  of 
steam  nozzles  supplied. 

The  steam  pressure  in  the  turbine  wheel-case  is  at  all  times  prac- 
tically the  pressure  of  the  exhaust.  The  efficiency  of  the  turbine 
increases  as  the  steam  pressure  in  the  turbine- case  decreases  due  to 
the  reduced  loss  by  fluid  friction  between  the  rotating  wheel  and 
the  surrounding  steam  at  the  lower  pressure,  which  is  an  additional 
reason  for  working  the  turbine  condensing. 

THE  CURTIS  TURBINE. 

This  turbine  is  of  the  "impulse"  type,  receiving  steam  of  high 
velocity  from  the  nozzle,  as  in  the  case  of  the  De  Laval  turbine,  but 
utilizing  it  in  such  a  way  as  to  reduce  the  peripheral  velocity  of  the 
wheel  by  passing  the  steam  through  a  number  of  wheels  in  succession, 
\\lnile  obtaining  a  high  thermal  efficiency  by  delivering  the  steam  to 
exhaust  at  a  low  terminal  velocity. 
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This  design  of  turbine  differs  from  other  designs  in  having  a  vertical 
spindle  with  turbine  wheels  rotating  in  horizontal  planes  (Fig.  448). 
In  this  figure  the  upper  portion  is  the  electric  generator,  the  middle 
portion  is  the  steam  turbine,  and  the  lower  portion  is  the  condenser. 
The  turbine  wheels  may  be  two, 
three,  four,  or  more  in  number, 
each  wheel  being  separated  from 
its  neighbour  by  a  fixed  diaphragm 
with  accompanying  nozzles  in  each 
diaphragm,  and  with  rings  of  sta- 
tionary blades  attached  to  the 
outer  cylinder  to  alternate  suitably 
with  the  blades  of  the  respective 
wheels. 

The  process  then  consists  first 
of  expansion  of  the  steam  through 
nozzles,  and  then  the  subsequent 
abstraction  of  a  portion  of  the 
velocity  of  the  steam  by  impulse 
upon  the  first  turbine  wheel.  This 
constitutes  the  first  "stage."  To 
further  utilize  the  energy  of  the 
steam,  this  process  is  repeated 
through  two,  three,  or  more 
"  stages  "  or  expansions  ;  thus  in 
Fig.  449,  which  shows  the  nozzles 
and  blades  for  a  two-stage  turbine, 
it  will  be  seen  that  the  steam 
flowing  from  the  first  stage  wheel 
AA  passes  through  the  nozzles  in 
the  diaphragm  below  it,  expands 
as  before,  and  gives  up  more  of  its 
energy  to  the  second-stage  wheel 
BB  below  it,  and  so  on  until  the 
available  energy  of  the  steam  is 
utilized. 

Each  wheel  of  the  Curtis  turbine  is  fitted  with  two,  and  sometimes 
three,  rows  of  buckets.  In  Fig.  449  two  rows  of  buckets  are  shown 
on  each  wheel  rim  at  AA  and  BB. 

The  number  of  stages  or  sets  of  moving  and  stationary  blades 
employed  depends  upon  the  degree  of  expansion,  and  upon  the 
peripheral  velocity  required.  The  greater  the  range  of  pressure  to 
be  worked  through  and  the  lower  the  peripheral  speed  the  larger  the 
number  of  stages  necessary. 

The  governing  is  effected  by  closing  successive  nozzles  of  the  first- 
stage  wheel,  and  thus  decreasing  the  number  of  nozzles  in  action. 
Fig.  449  shows  three  nozzles  closed  and  two  open. 

The  speed  of  rotation  of  a  2000-K.W.  Curtis  turbine  is  1000 
revolutions  per  minute. 

2  D 


FIG.  448.— SECTION  OF  THE  CURTIS 
TURBINE. 
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The  footstep  bearing,  which  carries  the  whole  of  the  weight  of  the 
rotating  parts,  consists  of  two  circular  bearing  blocks,  one  of  which 
rotates  with  the  shaft,  and  the  other  is  fixed  to  the  base.  Water  is 
used  as  a  lubricant,  and  is  forced  through  a  hole  in  the  stationary 

STEAM  CHEST 


NOZZLE 

MOVING   BLADES 

STATIONARY  BLADLS 

MOVING  BLADES 


NOZZLE 

DIAPHRAGM 

MOVING  BLADES  | 
STATIONARY  BLADES 

MOVIN6  BLADES 

1  1  1  f 

FIG.  449. — CURTIS  TURBINE  TWO-STAGE  WHEELS. 

bearing  between  the  two  surfaces  from  the  centre  outwards  in  a  thin 
film.  From  the  foot-step  bearing  the  water  passes  upwards  and 
lubricates  a  guide-bearing  immediately  above  it,  from  whence  it 
passes  to  the  condenser.  A  force  pump  supplies  water  to  this  bearing 
at  a  pressure  of  about  400  Ibs.  per  square  inch. 

THE  PARSONS  STEAM  TURBINE. 

This  form  of  turbine  was  introduced  by  the  Hon.  Chas.  A.  Parsons 
in  the  year  1884,  and  it  consists  of  a  long  cylindrical  steel  drum 
CDE  (Fig.  450),  the  diameter  of  which  increases  by  steps  from  the 
high-pressure  end  to  the  low-pressure  end.  The  drum  is  mounted  on 
a  shaft  which  runs  in  two  main  bearings,  and  the  whole  is  surrounded 
by  a  fixed  cast-iron  cylindrical  case.  The  outer  diameter  of  the  drum 
is  less  than  the  inner  diameter  of  the  case,  and  in  the  annular  space 
thus  provided  are  the  blades  by  means  of  which  the  steam  drives  the 
turbine. 

The  blades  on  the  revolving  drum  are  arranged  in  rings  projecting 
outwards,  like  bristles,  from  the  surface  of  the  drum,  and  in  planes  at 
right  angles  to  the  shaft.  A  space  is  provided  between  each  row  of 
revolving  blades  for  an  alternating  row  of  fixed  blades  projecting 
inward  radially  from  the  inner  side  of  the  cylindrical  case,  and 
forming  rings  of  guide-blades,  each  ring  of  revolving  blades  being 
provided  with  its  ring  of  fixed  guide-blades.  The  steam  enters  the 
annular  chamber  A  at  the  small  end  of  the  turbine  by  the  double- 
beat  valve  K,  and  expands  through  the  rings  of  alternating  guide- 
blades  and  rotating  blades,  finally  exhausting  by  the  chamber  B  to 
the  air  or  to  a  condenser. 


THE  STEAM   TURBINE.  403 

The  total  fall  of  pressure  from  the  first  to  the  last  ring  of  blades 


is  divided  up  between  the  number  of  pairs  of  rings,  each  pair,  namely, 
one  ring  of  guide-blades  and  one  ring  of  rotating  blades,  constituting 


404 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


practically  a  separate  turbine  working  through  a  small  range  of  steam 
pressure. 

The  steam  passes  first  through  a  ring  of  fixed  guide-blades,  and  is 
then  projected  in  a  rotational  direction  against  the  succeeding  ring  of 
moving  blades.  In  flowing  through  the  guide-blades  the  pressure  falls, 
and  the  steam  acquires  a  velocity  proportional  to  the  fall  of  pressure. 
By  the  impulse  of  the  steam  suitably  guided  to  the  rotating  blades 
work  is  done  upon  the  blades,  and  the  rotation  of  the  turbine  is 
accelerated. 

In  passing  through  the  moving  blades  the  current  of  steam  is 
diverted  (owing  to  the  shape  of  the  blade)  in  a  direction  more  or 
less  directly  opposite  to  the  line  of  motion  of  the  moving  blade,  and 
this  produces  a  reaction  effect  upon  the  wheel  in  addition  to  the  force 
due  to  the  initial  impulse  of  the  steam.  The  steam,  on  leaving  the 
moving  blades,  enters  the  next  ring  of  fixed  guide-blades,  from  which, 
owing  to  the  shape  of  these  blades,  it  is  diverted  in  a  rotational  direction 
upon  the  next  ring  of  moving  blades,  and  so  on.  The  increased  area 
of  passages  required  as  the  pressure  falls  and  the  volume  of  the  steam 
increases  is  obtained  by  increasing  the  length  of  the  blades.  When 
the  length  of  the  blade  has  reached  the  desired  limit  the  diameter  of 
the  turbine  is  increased,  as  at  D  and  E  (Figs.  450  and  454). 

Fig.  451  shows  the  drum  or  rotor  removed  from  the  case,  and  the 


FIG.  451. 


lower  half  of  the  case  or  stator  with  the  drum  removed.  The  low- 
pressure  blades  are  in  the  foreground.  Fig.  454  gives  a  closer  view 
of  the  drum  blades. 
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The  blades  vary  in  length  according  to  the  size  of  the  turbine,  from 
\\  in.  or  less  at  the  high-pressure  end  to  6  ins.  or  more  in  length  at 
the  low-pressure  end,  and  are  made  from  rolled  sheet  brass  strips 
having  a  more  or  less  crescent- shaped  cross-section.  The  longer  blades 
are  stiffened  by  shrouding.  The  blades  are  fixed  in  dovetailed  grooves 
in  the  drum,  with  distance  pieces  between  them,  the  whole  being 
caulked  in  position. 

When  in  position  the  rings  of  blades  on  the  case  nearly  touch  the 
surface  Of  the  revolving  drum,  and  the  projecting  blades  from  the 
drum  nearly  touch  the  internal  surface  of  the  case.  These  clearance 
spaces  are  left  as  small  as  possible,  varying  from  0*015  at  the  small 
end  to  0'025  at  the  large  end  for  small  turbines,  while  for  large 
turbines  (say  5000  K.W.)  the  clearance  varies  from  0'035  at  the  small 
end  to  from  0'05  to  0'06  at  the  large  end. 

At  the  left  end  of  the  spindle  (Fig.  450)  are  grooved  pistons  or 
dummies,  F,  G,  H,  equal  in  number  to  the  number  of  steps  in  the 
drum.  The  object  of  these  pistons  is  to  prevent  end  thrust,  due  to 
difference  of  steam  pressure  on  the  two  sides  of  the  rotating  blades, 
by  setting  up  equal  and  opposite  axial  pressures  against  the  faces 
of  the  dummies.  The  steam  acts  upon  these  end  pistons  through 
passages  cast  in  the  body  of  the  cylinder  as  shown. 

To  make  these  pistons  steam-tight,  and  at  the  same  time  to  avoid 
friction,  rectangular  grooves  are  turned  on  the  pistons,  and  in  the 
grooves  rectangular  rings  are  fitted,  but  without  touching  the  surface 
of  the  cylinder,  the  joint  being  rendered  steam-tight  by  the  centrifugal 
action  of  the  steam  in  the  neighbourhood  of  the  pistons.  A  similar 
packing  is  fitted  at  the  stuffing  boxes  where  the  shaft  projects  from 
the  turbine  cylinder. 

A  thrust  bearing  is  provided  at  the  end  of  the  turbine  shaft  to 
prevent  contact  between  the  rotating  and  stationary  parts  of  the 
turbine,  and  to  provide  means  of  adjusting  the  clearance  between 
these  parts. 

Admission  of  steam  to  the  turbine  occurs  in  a  series  of  gusts  by 
the  periodic  opening  and  closing  of  the  double-beat  valve  K  (Fig.  450 
and  452).  This  valve  is  controlled  by  means  of  a  steam  relay,  which 
is  kept  working  continuously  by  mechanical  connection  with  the 
turbine  shaft,  giving  it  an  up-and-down  pulsating  movement  at  the 
rate  of  about  three  strokes  per  second. 

Fig.  452  shows  in  detail  the  action  of  the  governing  gear  and  relay 
val\7e  as  constructed  by  Messrs.  Brown  Boveri.1  On  opening  the  main 
stop  valve  E,  steam  enters  the  valve  chamber,  and  is  admitted  to  the 
turbine  when  the  double-beat  valve  K  opens,  which  it  does  inter- 
mittently by  the  following  means.  The  spindle  of  the  valve  projects 
upwards  through  a  spring  chamber  or  cylinder,  and  the  spindle  carries 
a  small  piston  which  is  enclosed  in  this  cylinder,  and  which  is  held 
in  its  lowest  position  by  the  spring.  In  the  bottom  of  the  cylinder 
there  is  a  small  hole,  0,  regulated  by  a  small  adjusting  valve  through 


1903. 


1  See  a  paper  by  Will  Rung  and  A.  E.  Schoder,  Engineer  (American),  Jauuary  1, 
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which  the  steam  flows  continuously  into  the  cylinder  below  the  piston 
B  when  the  stop  valve  E  is  open.  The  steam  under  the  piston  lifts 
the  double-beat  valve  K  and  admits  steam  to  the  turbine.  This 
accounts  for  the  upward  movement  of  the  valve,  but  the  intermittent 
upward  and  downward  movement  is  obtained  by  providing  another 
and  larger  opening,  D,  which  acts  as  an  exhaust  port.  This  port  is 
alternately  opened  and  closed  by  means  of  a  small  piston  valve,  G, 


FIG.  452. 


which  receives  a  regular  periodic  up-and-down  movement  from  the 
eccentric  cam  C.  When  the  exhaust  port  is  closed,  the  piston  B  rises 
and  the  double-beat  valvo  K  lifts  \  when  the  exhaust  port  opens  the 
steam  escapes,  and  the  piston  falls  by  the  action  of  the  powerful  spring, 
and  the  valve  K.  closes. 

The  number  of  alternate  openings  and  closings  of  the  exhaust  port, 
and  therefore  the  number  of  gusts  of  steam  supplied  to  the  turbine, 
is  determined  by  the  rotations  of  the  governor,  from  the  spindle  of 
which  the  movement  of  the  small  valve  G  is  obtained. 

The  governor  regulates  the  speed  of  the  turbine  as  follows :  When 
the  speed  increases  above  the  normal,  the  action  of  the  governor  raises 
the  small  valve  G  above  its  mid-position,  giving  an  earlier  and  fuller 
opening  to  exhaust,  and  therefore  a  shorter  period  of  time  of  opening 
and  a  more  restricted  lift  for  the  double-beat  valve. 

Conversely,  when  the  speed  falls  below  the  normal,  the  relay  valve 
opens  later,  and  the  double  beat  has  a  wider  opening.  At  full  load  the 
steam  gusts  merge  into  an  almost  continuous  flow. 

The  steam  which  escapes  from  the  exhaust  port  of  the  relay  valve 
is  passed  by  means  of  pipes  to  the  main  bearing  glands  of  the  turbine, 
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thereby  actmg  as  a  steam  packing  and  preventing  leakage  of  air  into 
the  turbine.  The  constant  movement  of  the  parts  tends  to  keep  the 
governor  gear  free  and  sensitive. 

Bearings. — The  form  of  shaft-bearing  employed  consists  of  a  gun- 
metal  bush,  which  is  prevented  from  turning  by  a  loose-fitting  dowel. 
The  bush  is  surrounded  by  three  concentric  tubes,  fitting  easily  within 
each  other.  The  annular  space  between  the  tubes  is  filled  with  oil,  which 
damps  all  vibrations,  and  the  bearing  is  practically  self-centering. 

THE  WESTINGHOUSE-PARSONS  TURBINE. 

The  British  Westinghouse  Company  manufacture  a  turbine  of 
special  design,  which  is  illustrated  by  Fig.  453. 1  The  object  has  been 


FIG.  453. 


to  shorten  the  over  all  length  of  the  turbine  as  made  by  Parsons,  and 
to  avoid  the  use  of  dummy  pistons.  By  making  the  turbine  double 
flow,  that  is,  by  admitting  steam  in  the  centre  of  the  turbine  (as  was 
formerly  done  by  Parsons)  and  passing  the  steam  through  equal  rows 
of  blades  on  each  side  of  the  centre,  end  thrust  and  dummy  pistons  are 
eliminated.  Ordinarily  this  arrangement  would  make  a  longer  rather 
than  a  shorter  over-all  length  of  turbine  spindle;  but  this  objection 
has  been  overcome  by  first  expanding  the  steam  from  boiler  pressure 
(say  1 50  Ibs.)  down  to  60  Ibs.  abs.  in  suitable  nozzles,  and  applying  its 
velocity  so  obtained  upon  a  single  impulse  wheel  in  the  centre  of  the 
machine,  and  afterwards,  namely,  from  60  Ibs.  pressure  downwards, 
passing  the  steam  through  a  Parsons'  system  of  blading.  The  result  of 
this  combined  arrangement  of  impulse  wheel  for  the  higher  pressures 

1  See  paper  hy  Mr.  W   J.  A.  London,  Inst.  of  Electrical  Engineers,  February  28, 
1905. 


408 


STEAM-ENGINE    THEORY  AND   PRACTICE. 


FIG;  454. 


and  Parsons'  system  for  the  lower  pressures  has  been  to  produce  a 
much  shorter  design  of  machine. 

The  turbine  is  constructed  on  a  centre  shaft,  A,  of  high  carbon  steel, 
extending  from  one  bearing  to  the  other.  At  the  centre  of  the  shaft  a 

wheel-shaped  disc,  B,  of  forged 
steel  is  shrunk  on,  and  to  this 
disc  is  secured  the  blade- 
carrying  outer  drum,  G,  made 
of  weldless  rolled  steel.  On 
the  outside  of  the  drum,  and 
on  each  side  of  the  centre,  steel 
rings,  D,  are  shrunk  on,  carry- 
ing the  impulse-blades,  which 
receive  steam  from  the  centre 
nozzles  E.  Beyond  the  first 
or  impulse  wheel  the  blades  of 
the  Parsons  set  begin5  increas- 
ing in  length  by  steps,  as 
shown  by  the  successive  en- 
largements, F,  of  the  diameter 
of  the  outer  cylindrical  case 

surrounding  the  turbine  drum.  Fig.  454  shows  a  view  of  the  steps 
and  blades.  Stiffening  discs,  G,  of  thin  steel  are  fitted  into  the  ends 
of  the  drum. 

The  accompanying  Fig.  455  shows  the  steam  performances  of  West- 
inghouse-Parsons  turbines  at  variable  loads,  and  with  and  without 
superheating  and  condensing. 

Condensation  in  the  Turbine. — During  the  passage  of  the  steam 
through  the  turbine  the  temperature  of  the  steam  falls  from  the  high- 
pressure  to  the  low-pressure  end  of  the  turbine,  and  so  long  as  the  load 
is  constant  this  range  of  temperature  is  constant.  The  walls  of  the 
stator  and  rotor  portions  of  the  turbine  take  up  more  or  less  the 
temperature  of  the  steam  in  immediate  contact  with  them,  and  coa- 
densation  due  to  flow  of  heat  from  the  steam  to  the  surrounding  walls 
is  reduced  to  a  minimum.  Hence  that  most  serious  cause  of  loss  in 
the  reciprocating  engine,  namely,  condensation  due  to  alternate  heat- 
ing and  cooling  of  the  cylinder  walls  during  the  admission  and  exhaust 
strokes,  is  absent  in  the  steam  turbine. 

There  is  a  tendency  to  flow  of  heat  by  conduction  from  the  hotter 
end  of  the  turbine  to  the  cooler  end,  tending  to  produce  a  small 
condensation  effect  at  the  hot  end,  and  a  drying  effect  at  the  exhaust 
end  of  the  turbine. 

Friction. — The  friction  in  the  steam  turbine  is  not  that  of  rubbing 
metal  surfaces,  as  in  the  reciprocating  engine,  the  only  rubbing  surfaces 
being  the  main  bearings.  In  the  turbine  the  friction  is  rather  that 
between  the  rotating  parts  and  the  steam,  the  friction  due  to  conflicting 
steam  currents  in  their  passage  through  the  turbine,  and  the  friction 
caused  by  the  presence  of  water  in  the  steam,  which,  when  the  propor- 
tion of  water  is  large,  may  become  very  great. 
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The  presence  of  water  in  the  steam  is  unavoidable,  first,  because  the 
steam  delivered  from  an  ordinary  steam-boiler  (not  passing  through  a 
superheater)  will  contain  at  least  from  2  to  5  per  cent,  of  moisture. 
But  in  addition  to  its  initial  wetness,  the  steam  will  develop  a  degree 
of  wetness  due  to  the  heat  absorbed  in  giving  velocity  to  its  mass,  the 
extent  of  the  wetness  being  exactly  the  same  as  would  result  from 
work  done  during  adiabatic  expansion  of  the  steam  behind  a  piston  in  a 
reciprocating  engine. 


600  1000  15CO 

Turbine  Steam-consumption  Curves. 
FIG.  455. 

Superheating  the  steam  produces  a  marked  improvement  in  the 
steam  turbine,  the  steam-consumption  being  reduced  about  1  per 
cent,  for  every  10°  Fahr.  of  superheat,  and  the  increased  efficiency  is 
attributed  chiefly  to  reduced  loss  by  friction. 

On  the  other  hand,  if  the  turbine  is  supplied  with  excessively  wet 
steam,  as  from  a  priming  boiler,  the  effect  upon  the  turbine  is  to  slow 
it  down,  owing  to  the  excessive  friction  set  up  between  the  water  and 
the  rotating  parts. 

It  is  true  that  the  friction  is  transformed  into  heat,  but  little  useful 
effect  is  obtained  from  the  heat  so  generated. 

Vacuum. — There  is  a  theoretical  advantage  in  all  heat  engines  in 
reducing  the  lower  limit  of  temperature  to  the  lowest  possible  point, 
but  the  advantage  is  more  fully  realized  in  the  turbine  than  in  the 
reciprocating  engine.  In  the  reciprocating  engine  there  is,  first,  the 
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practical  difficulty  that  the  gain  obtained  by  reducing  the  condenser 
pressure  and  temperature  is  to  some  extent  neutralized  by  the 
increased  cylinder  condensation,  due  to  the  reduced  temperature  of  the 
exhaust ;  secondly,  owing  to  the  greatly  increased  volume  of  the  steam 
at  the  lower  pressure,  it  is  not  practicable  to  make  the  low-pressure 
cylinder  large  enough  to  take  full  advantage  of  the  expanding  steam ; 
and,  thirdly,  there  is  generally  a  considerable  difference  between  the 
vacuum  in  the  condenser  and  the  mean  vacuum  at  the  back  of  the  low- 
pressure  piston,  especially  at  full  power. 

In  the  case  of  the  turbine,  condensation  effects  of  the  kind  above 
mentioned  are  absent,  and  the  steam  may  be  expanded  down  to  the 
pressure  in  the  condenser ;  it  is  therefore  possible  to  take  full  advan- 
tage of  the  lowest  limits  of  temperature  and  pressure  in  the  condenser. 
Each  additional  inch  of  vacuum  between  23  ins.  and  28  ins.  appears 
to  reduce  the  steam  consumption  of  the  turbine  on  an  average  from 
3  to  4  per  cent. 


FIG.  45G. 

It  is  possible  to  avoid  air  leaks  to  the  condenser  more  easily  in  the 
turbine  than  in  the  reciprocating  engine,  because  the  only  glands  to 
leak  air  are  those  where  the  main  shaft  passes  out  through  the  turbine- 
case,  and  these  glands  are  steam-packed,  which  is  a  very  effectual 
means  of  excluding  air. 

In  order  to  secure  and  maintain  a  high  degree  of  vacuum,  it  is,  of 
course,  necessary  to  have  ample  condenser  cooling  surface,  a  large 
supply  of  circulating  water,  and  efficient  air-pumps,  as  well  as  short 
passages  and  ample  dimensions  of  the  exhaust  pipe.  In  the  most 
recent  condensers  for  turbines,  from  10  to  12  Ibs.  of  steam  are  con- 
densed per  hour  per  square  foot  of  cooling  surface,  with  a  vacuum  of 
27J  to  28  ins.  at  full  load. 
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The  amount  of  circulating  water  required  is  about  fifty  times  the 
weight  of  steam,  as  against  thirty  times  the  weight  of  steam  for  ordinary 
condenser  practice.  For  this  additional  cooling  water  an  addition  of 
|  in.  to  1  in.  of  vacuum  is  obtained,  or  a  gain  of  from  3  to  4  per  cent. 

For  the  purpose  of  more  thoroughly  extracting  the  air,  a  "  vacuum 
augmenter "  (Fig.  456)  has  recently  been  introduced  by  Messrs. 
Parsons.  From  the  bottom  of  the  condenser  a  pipe  is  led  away  to 
an  auxiliary  condenser,  containing  about  —  the  cooling  surface  of  the 
main  condenser,  and  in  a  contracted  portion  of  this  pipe  a  small 
steam  jet  is  placed,  which  acts  as  an  ejector,  and  extracts  nearly  all 
the  residual  air  and  vapour  from  the  condenser  and  delivers  it  to  the 
air-pumps.  A  water  seal  is  provided,  which  prevents  the  air  and 
vapour  returning  to  the  condenser.  The  steam  used  by  the  auxiliary 
jet  is  said  to  be  about  1^  per  cent,  of  the  full-load  steam  consumption.1 
The  air  and  vapour  in  the  augmenter  condenser  being  denser  than 
that  in  the  main  condenser,  the  air-pump  need  not  be  so  large  as  would 
otherwise  be  necessary.  In  this  connection  it  may  be  noted  that  the 
volume  of  a  given  weight  of  air  at  1  Ib.  pressure  absolute  is  double  that 
at  2  Ibs.  pressure  absolute. 

Vibration  in  the  turbine  is  practically  eliminated,  as  there  are  no 
unbalanced  parts.  This  removes  the  necessity  for  massive  and  costly 
foundations. 

The  even  turning  moment  on  the  spindle  is  a  further  important 
quality  of  the  turbine. 

Lubrication. — As  there  are  no  internal  rubbing  parts,  no  internal 
lubrication  is  required,  hence  the  steam  exhausted  from  the  turbine  to 
the  condenser  is  entirely  free  from  oil,  and  the  feed-water  supplied  to 
the  boilers  is  pure  distilled  water. 

1  See  a  paper  by  Hon.  C.  A.  Parsons,  G.  Stoney,  and  C.  P.  Martin,  Inst.  of  Elect. 
Engineers,  May  12,  190  i. 
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APPENDIX 
i. 

RIPPER'S  MEAN-PRESSURE   INDICATOR. 

The  object  of  the  mean-pressure  indicator  here  described  (Fig.  436),  is  to 
obtain  from  pressure-gauges  a  continuous  reading  of  the  mean  effective  pressure 
in  an  engine  cylinder. 

The  instrument  consists  of  a  valve-box  containing  two  valves,  and  by  the 
automatic  action  of  the  valves,  the  driving  or  impelling  steam  is  made  to 
act  continuously  on  one  gauge,  called  the  forward-pressure  gauge;  while  the 
back-pressure  steam  acts  continuously  upon  another  gauge,  called  the  back- 
pressure gauge.  The  difference  between  the  readings  of  the  two  gauges  gives, 
for  ordinary  cases,  a  close  approximation  to  the  effective  pressure  acting  on  the 
piston  as  given  by  an  ordinary  indicator. 

The  action  of  the  valves  is  as  follows  : — One  of  the  valves,  B,  is  a  ball  valve, 
and  the  other,  E,  is  a  double-seated  valve.  Suppose,  in  a  vertical  engine,  the 
driving-steam  is  on  the  upper  side  of  the  engine  piston,  pressing  it  downwards. 
Then  the  driving-steam  enters  also  the  upper  part  of  the  instrument  at  H,  and 
presses  down  both  the  little  valves  upon  their  respective  seats.  This  action 
puts  the  driving-steam  into  communication  with  the  forward-pressure  gauge  ; 
and  puts  the  back-pressure  steam,  which  is  below  the  valves,  into  communication 
with  the  back-pressure  gauge,  owing  to  the  double-beat  valve  E  being  now  open 
at  the  bottom  side  of  the  valve. 

On  the  return  stroke  of  the  piston,  the  driving-steam  enters  the  instrument  at 
C,  and  the  valves  B  and  E  of  the  instrument  are  automatically  reversed,  and 
again  the  driving-pressure  steam  acts  upon  the  forward-pressure  gauge,  and  the 
back-pressure  steam  upon  the  back-pressure  gauge.  In  this  way  there  is  a 
continuous  reading  of  the  forward  and  back  pressures  on  the  respective  gauges. 

There  is  a  cock,  A  (and  D),  at  the  instrument  end  of  the  gauge-syphon  for 
rough  adjustment,  and  a  cock  F  (and  G)  close  to  the  gauge  for  fine  adjustment. 
By  the  use  of  two  cocks,  the  gauge-finger  is  maintained  steady,  and  the  gauge- 
pipe  is  kept  full  of  water. 

The  mean-pressure  obtained  from  the  gauges  is  the  mean-pressure  on  a  time 
base.  This  differs  somewhat  from  the  mean-pressure  on  a  distance-base,  as  given 
by  the  ordinary  indicator,  because  the  motion  of  the  piston  is  harmonic,  and  not 
uniform  throughout  the  stroke. 

In  many  cases  the  difference  between  the  two  kinds  of  mean-pressures  is  very 
small.  In  some  cases,  however,  where  there  is  a  large  expansion  in  one 
cylinder,  the  difference  is  greater ;  also  in  the  case  where  the  back  pressure  at 
compression  is  greater  than  the  forward  pressure ;  the  valves  of  the  instrument 
reverse  too  early.  But  for  all  cases,  in  any  given  engine,  there  is  a  definite  ratio 
between  the  reading  of  the  gauges  and  the  mean-pressure  by  an  ordinary 
indicator  which  can  be  determined  once  for  all  by  actual  trial,  or  by  measurement 
from  the  diagrams ;  and  in  practice  the  gauges  are  in  the  first  instance 
standardized  against  a  good  standard  indicator  of  the  ordinary  type,  at  light 
medium  and  heavy  loads,  and  the  gauges  graduated  accordingly. 
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FIG.  457. 
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II. 
TO  DRAW  A  CURVE  OF  THE  FORM  PV"  =  CONSTANT. 

Having  given  the  values  of  V  to  find  P  for  successive  values  of  V. 
Let  p  =  100  Ibs.  per  square  inch  when  volume  V  =  1. 
P  =  100  x  144  =  14,400  Ibs.  per  square  foot. 

Then  PV1-4  =  C 
log  P  +  1'4  log  V  =  log  C 

When  V  =  1,  then  1-4  log  V  =  0 
and  log  P  =  log  C 
or  log  C  =  log  14,400 
=  4-1584 

(1)  Let  V  =  2  cub.  ft. 

Then  log  P  =  log  C  -  1-4  log  2 

=  4-1584  -  1-4(0-3010) 
=  3-737 
P  =  5458 
p  —  £f44  ja  =  37-9  Ibs.  per  square  inch 

(2)  Let  V  =  3  cub.  ft. 

log  P  =  log  C  -  1-4  log  3 

=  4-1584  -  1-4(0-4771) 
=  3-4905 
P  =  3094 
p  =  21*5  Ibs.  per  square  inch 

(3)  Let  V  =  4  cub.  ft. 

log  P  =  log  C  -  1-4  log  4 

=  4-1584  -  1-4(0-6021) 
=  3-3155 
P  =  2068 
p  =  14-3  Ibs.  per  square  inch 

And  so  on  for  any  values  of  V» 
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1043-0 

98P1-1 

61-9 

1051-2 

0-00299 

334-6 

2-0 

126-3 

94-4 

1120-5 

1026-1 

•  961-9 

64-2 

1056-3 

0-00576 

173-6 

3-0 

1416 

109-8 

J125-1 

1015-3 

949-5 

65-8 

1059-3 

0-00844 

118-4 

4-0 

153-1 

121-4 

1128-6 

1007-2 

940-4 

66-8 

1061-8 

0-01107 

90-31 

5-0 

162-3 

130-7 

11315 

10008 

933-1 

67-7 

1063-8 

0-01366 

73-22 

6-0 

170-1 

138-6 

1133-8 

995-2 

926-7 

68-5 

1065-3 

0-01622 

61-67 

70 

176-9 

145-4 

1135-9 

990-5 

9214 

69-1 

1066-8 

0-01874 

53-37 
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182-9 

151-5 

1137-7 

986-2 
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1068-0 

002112 
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9-0 

188-3 

156-9 

1139-4 

982-5 

912-4 

70-1 

1069-3 
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10-0 

193-2 

161-9 

1140-9 

979-0 

908-4 

706 

1070-3 

0-02621 

38-16 

11-0 

197-8 

166-5 

1142-3 

975-8 

904-8 

71-0 

10713 

0-02866 

31-88 

12-0 

202-0 

170-7 

1143-6 

972-9 

901-5 

71-4 

1072-2 

0-03111 

32-14 

13-0 

205-9 

174-6 

1144-7 

970-1 

898-4 

71-7 

1073-0 

0-03355 

29-82 

14-0 

209-6 

17*3 

1145-8 

967-5 

895-5 

72-0 

1073-8 

0-03600 

27-79 

14-7 

212-0 

180-7 

11466 

965-8 

893-5 

72-3 

1074-2 

0-03758 

26-64 

15-0 

2130 

181-8 

1146-9 

965-1 

892-6 

72-5 

1074-4 

0-03826 

26-15 

16-0 

216-3 

185-1 

1147-9 

9628 

890-0 

72-8 

1075-1 

0-0-1067 

24-59 

17-0 

219-4 

188-3 

11489 

9606 

887-6 
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18-0 
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1149-8 
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885-3 

73-2 

1076-6 

0-04547 

22-00 

19-0 

225-2 

194-1 

11507 

956-6 

883-2 

73-4 

1077-3 

0-04786 

20-90 

20-0 

227-9 

196-9 

1151-5 

954-6 

881-0 

73-6 

1077-9 

0-05023 

1991 

21-0 

230-5 

199-5 

1152-3 

952-8 

879-0 

73-8 

1078-5 

0-05259 

19-01 

22-0 

233-1 

202-0 

1153-0 

951-0 

8770 

740 

1079-0 

0-05495 

18-20 

23-0 

2355 

204-5 

1153-7 

949-2 

8750 

74-2 

1079-5 

0-05731 

17-45 

24-0 

237-8 

206-8 

1154-4 

947-6 

873-2 

74-4 

1080-0 

0-05966 

1676 

25-0 

240-0 

209-1 

1155-1 

9160 

871-5 

74-5 

1080-6 

0-06199 

16-13 

26-0 

242-2 

211-2 

1155-8 

944-6 

869-9 

74-7 

1081-1 

0-06432 

15-55 

27-0 

244-3 

213-4 

1156-5 

943-1 

868-2 

74-9 

1081-6 

0-06666 

15-00 

1  The  above  steam  data  are  for  the  most  part  taken  from  Prof.  Peabody's 
valuable  "  Saturated  Steam  Tables,"  by  kind  permission  of  the  author  and  pub- 
lishers (Messrs.  John  Wiley  and  Sons,  New  York),  and  the  same  values  are  used 
throughout  the  text. 
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297-9 

1181-9 

884-0 

802-8 

8V2 

1100-7 

0-2271 

4-403 

105-0 

331-1 

301-6 

1182-9 

881-3 

799-9 

81-4 

1101-5 

0-2378 

4-206 

110-0 

334-6 

305-2 

1184-0 

878-8 

7971 

81-7 

1102-3 

0-2484 

4-026 

115-0 

337-9 

308-7 

1185-0 

876-3 

794-4 

81-9 

1103-1 

0-2589 

3-862 

120-0 

341-0 

312-0 

1186-0 

874-0 

791-9 

82-1 

1103-9 

0-2695 

3-711 

1250 

344-1 

315-2 

1186-9 

871-7 

789-4 

82-3 

1104-6 

0-2800 

3-572 

130-0 

347-1 

318-4 

1187-8 

869-4 

786-9 

82-5 

1105-3 

0-2904 

3-444 

135-0 

350-0 

321-4 

1188-7 

867-3 

784-7 

82-6 

1106-1 

0-3009 

3-323 

140-0 

352-8 

324-4 

1189-5 

865-1 

782-3 

82-8 

1106-7 

0-3113 

3-212 

145-0 

355-6 

327-2 

1190-4 

863-2 

780-2 

83-0 

1107-4 

0-3218 

3-107 

150-0 

358-3 

330-0 

1191  2 

861-2 

778-1 

83-1 

1108-1 

0-3321 

3-011 

155-0 

360-9 

332-7 

1192-0 

859-3 

776-0 

83-3 

1108-7 

0-3426 

2-919 

160-0 

363-4 

335-4 

1192-8 

857-4 

774-0 

83-4 

1109-4 

0-3530 

2-833 

165-0 

365-9 

3380 

1193-6 

855-6 

772-0 

83-6 

1110-0 

0-3635 

2-751 

170-0 

368-3 

3405 

1194-3 

853-8 

770-1 

83-7 

1110-6 

0-3737 

2-676 

175-0 

370-6 

343-0 

1195-0 

852-0 

768-2 

83-8 

1111-2 

0-3841 

2-603 

180-0 

373-0 

345-4 

11957 

850-3 

766-4 

83-9 

1111-8 

0-3945 

2-535 

185-0 

375-23 

3478 

1196-4 

848-6 

761-6 

84-0 

1112-4 

0-4049 

2-470 

190-0 

377-4 

350-1 

1197-1 

847-0 

762-9 

84-1 

11130 

0-4153 

2-408 

195-0 

379-6 

352-4 

1197-7 

845-3 

761-1 

84-2 

11135 

0-4257 

2-349 

200-0 

381-7 

354-6 

1198-4 

843-8 

759-5 

84-3 

1114-1 

0-4359 

2-294 

250-0 

401-0 

374-7 

1204-2 

829-5 

744-5 

85-0 

1119-2 

0-5393 

1-854 

300-0 

417-4 

391-9 

1209-3 

817-4 

732-0 

85-4 

1123-9 

0-6440 

1-554 

400-0 

444-9 

41.9-8 

1217-7 

797-9 

712-3 

86-2 

1131-5 

0-8572 

1-167 
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IV. 


HYPERBOLIC    LOGARITHMS. 


No. 

Hyp.  log. 

No. 

Hj  p.  log. 

No. 

Hyp.  log. 

No. 

Hyp.  log. 

11 

0-0953 

37 

1-3083 

63 

1-8405 

8-9 

2-1861 

1-2 

0-1823 

3-8 

1-3350 

6-4 

1-8563 

9-0 

2-1972 

13 

0-2624 

3-9 

1-3610 

6-5 

1-8718 

9-1 

2-2083 

14 

03365 

4-0 

1-3863 

6-6 

1-8871 

9-2 

2-21&2 

1-5 

0-4055 

41 

1-4110 

6-7 

1-9021 

9-3 

2-2300 

16 

0-4700 

4-2 

•4351 

6-8 

1-9169 

94 

2-2407 

17 

0-5306 

43 

•4586 

6-9 

1-9315 

9-5 

2-2513 

1-8 

0-5878 

44 

1-4816 

70 

1-9459 

9-6 

2-2618 

1-9 

0-6419 

4-5 

•5011 

71 

1-9601 

9-7 

2-2721 

2-0 

0-6931 

4-6  * 

5261 

7-2 

1-9741 

98 

2-2824 

2-1 

07419 

47 

•5476 

7-3 

1-9879 

9-9 

22925 

22 

0-7885 

4-8 

•5686 

7-4 

20015 

10-0 

2-3026 

23 

0-8329 

49 

•5896 

7'o 

2-0149 

10-5 

2-3513 

2-4 

0-8755 

5-0 

•6094 

7-6 

2-0281 

11-0 

2-3979 

2-5 

0-9163 

51 

•6292 

7*7 

2-0412 

11-5 

2-4430 

2-6 

0-90.55 

52 

•6487 

7-8 

2-0541 

12-0 

2-4849 

2-7 

0-9933 

5-3 

•6677 

7-9 

2-0669 

12-5 

25262 

2-8 

1-0296 

54 

•6864 

8-0 

2-0794 

130 

2-5649 

2-9 

1-0647 

5-5 

•7047 

8-1 

2-0919 

135 

2-6027 

30 

1-0986 

56 

•7228 

8-2 

2-10H 

14-0 

2-6391 

31 

1-1314 

5-7 

•7405 

8-3 

2-1163 

15-0 

2-7081 

3-2 

1-1632 

5-8 

•7579 

8-4 

2-1282 

16-0 

2-7726 

3-3 

1-1939 

5-9 

•7750 

8-5 

2-1401 

17-0 

2-8332 

3-4 

1-2238 

6-0 

1-7918 

8-6 

2-1518 

18-0 

2-8904 

3-5 

1-2528 

6-1 

•8083 

87 

2-1633 

19-0 

2-9444 

3-6 

1-2809 

6-2 

•8245 

8-8 

2-1748 

20-0 

29957 

2  E 
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V. 


TABLE  OF   MEAN-PRESSURE   RATIOS. 

The  mean  pressure  pm  is  obtained  for  any  given  number  of  expansions  by 
multiplying  the  initial  absolute  pressure  by  the  factor  given.  Thus,  for  adiabatic 
expansion  with  a  cut-off  at  -£,  the  initial  pressure  =  100  Ibs.  absolute — 

Pm  =  Pi  x  factor  for  five  expansions  =  100  x  0*496 
=  49 -6  Ibs. 


»=£ 

ratio  of  expansion. 

pm      i  +  hyp.  log  r 

^  =l7r-1-16r-i3 
saturation  curve. 

Pm        lOr-1       «,.~J9Q 

Pi               r 
hyperbolic  curve. 

—  uw       —  9r     " 
adiabatic  curve. 

1-0 

1-00 

1-00 

1-00 

15 

0-937 

0-934 

0-931 

2-0 

0-847 

0-840 

0-834 

2-5 

0766 

0-756 

0-748 

30 

0-700 

0-688        » 

0-678 

3-5 

0-644 

0-631 

0-620 

4-0 

0-597 

0-583 

0-571 

45 

0-556 

0-542 

0-530 

5-0 

0-522 

0-506 

0-496 

5-5 

0-492 

0477 

0-464 

6-0 

0-465 

0-450 

0-438 

7-0 

0-421 

0-405 

0-393 

8-0 

0-385 

0-370 

0-357 

90 

0-355 

0-340 

0-328 

10-0 

0-330 

0-314 

0-303 

11-0 

0-309 

0-294 

0-283 

12-0 

0-290 

0-275 

0-264 

13-0 

0-274 

0-259 

0-248 

14-0 

0-260 

0-245 

0-234 

150 

0-247 

0-232 

0-221 

160 

0-236 

0-221 

0-211 

170 

0226 

0-211 

0-201 

18-0 

0-216 

0-202 

0-192 

190 

0-208 

0-193 

0-183 

20-0 

0-200 

0-186 

0-177 

21-0 

0-192 

0-178 

0-169 

22-0 

0186 

0-172 

0-163 

23-0 

0-180 

0-167 

0-158 

24-0 

0-174 

0-160 

0-151 

25-0 

0-169 

0-155 

0-146 
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VI. 


TABLE   OF   ENTROPY. 


Temperature 
Fahrenheit. 
t. 

Specific  heat 
of  water. 
c. 

Entropy  of  1  Ib. 
of  water  from  32°. 
to 

Entropy  of 
1  Ib.  of  steam. 

*4 

Entropy  of  1  Ib.  of 
steam  from  32°  F. 
<t>  =  Po>  +  0 

d<t> 
dt 

32 

I 

2-2189 

2-2189 

50 

1 

00359 

2-1163               2-1522 

0-00370 

CO 
70 
80 
90 
100 

1 
1-001 
1-001 
1-002 
1-002 

0-0553 
0-0744 
0-0931 
0-1115 
0-1296 

2-0621               2-1174 
2-0100               20844 
1-9598               2-0529 
1-9115               2-0230 
1-8649               1-9945 

0'00348 
0-00330 
0  00315 
0-00299 
0-00285 

110 
120 
130 
140 
150 
160 
170 
180 

1-003 
1-004 
1-004 
1-005 
1-006 
1-007 
1-008 
1-009 

0-1473 
0-1648 
0-1819 
0-1988 
0-2154 
0-2318 
0-2479 
0-2638 

1-8200 
1-7766 
1-7346 
1-6940 
1-6547 
16167 
1-5799 
1-5442 

19673 
19414 
1-9165 

1-8928 
1-8701 
1-8485 
1-8278 
1-8080 

0"00272 
0-00259 
0-00249 
0-00237 
0-00227 
0-00216 
0-00207 
0-00198 
n  001  8Q 

190 
200 
250 
300 
350 

1-010 
1-011 
1-017 
1-026 
1-084 

0-2795                 1-5096 
0-2919                 1-4760 
0-3690                 1-3220 
0-4385                 1-1880 
0-5042                 1-0698 

1-7891 
1-7709 
1-6910 
1-6265 
1-5740 

u  uuioi/ 
0-00182 
0-00160 
0-00129 
0-00105 
r\.nf\(\Q\ 

400                 1-044 

0-5665                 0-&649               1-5314 

QUESTIONS 

(Prepared  for  the  Author  by  MR.  J.  W.  KEUSHAW,  M.Sc.) 

I. 

1.  WHAT  is  the  law  connecting  the  pressure,  volume,  and  absolute  temperature 
of  1  Ib.  of  air  ?  1  lb.  of  air  at  2  atmospheres  pressure  and  20°  C.  :  what  is  its 
volume  ? 

It  receives  heat  energy  equivalent  to  1000  foo.t-lbs.,  its  volume  remaining 
constant  :  find  its  new  pressure  and  temperature.  The  specific  heat  of  air  at 
constant  pressure  is  0'238.  (Bd.  of  Ed.,  Stage  III.,  1900.) 

Answer.  —  The  law  connecting  the  pressure,  volume,  and  absolute  temperature 
is  PV  =  ET  ;  R  =  95-83  if  T  is  in  Centigrade  degrees. 

Let  Vt  =  the  new  volume  ; 

then  2  x  14-7  X  144  x  V1  =  95-83  x  (273-7  +  20) 

95-83  x  293-7        _  c,0      ,     ., 
V,  =    -  IA—  6-648  cub.  ft. 

2  x  14-7  X  144 

Heat  added  =  kt,  where  t  =  the  rise  in  temperature 
/.  1000  =  (K  -  R)f 

t  =  0-288  x  1393  -  =    >° 

and  the  new  temperature  is  therefore  24-3°  C. 

To  find  the  new  pressure— 


If  we  add  a  small  amount  of  heat  SH  to  a  gas— 

Heat  added  =  increase  of  internal  energy  +  work  done 

SH  =  kST  +  ptv 
or  dH  =  kdT  +  pdv 


•    R 

Substituting,  dH  =  2^±_'J  +  pdv 
Integrating,  heat  added,  H  =  ^  (P,_,V2  -  P,V,)  +  work  done 

R  =  K  -  k  and  ?  =  7         /.  ^-~  *  =  7  -  1         /.  s  : 

A/'  * 

.*.  heat  added  in  any  change  =  -  — ; -  j(P»V,  -  P^',)  +  work  done 


422  QUESTIONS. 

During  isothermal  expansion  the  internal  energy  is  constant. 

/.  heat  added  =  work  done 
During  adiabatic  expansion  no  heat  is  added  or  rejected  ; 

.*.  0  =  increase  of  internal  energy  +  work  done 
or  work  done  =  —increase  of  internal  energy 

If  expansion  of  a  gas  take  place  according  to  the  law  PV  =  c,  the  heat  given 
during  expansion  may  be  written  in  the  following  form,  instead  of  the  above 
form : — 

The  work  done  =  ^J^-^^X?  (see  p.  13) 

therefore  heat  given  may  by  written — 

1     rPV       PV)4-PiV»-P«V*      7(P,Vi  -  P2V2)  +  n(P8V,  -  P,V,) 
7-l(    2    2         '    '}         ~1T-~1  (7  -  !)(»  -  1)~~ 

_  (y  -  n)       (P^,  ^P2V8) 
-  y  _  i    >          n _  i 

7  —  n 
=      _  v  x  work  done 

2.  Ten  cubic  feet  of  air  at  90  Ibs.  absolute  pressure  and  at  65°  F.  are  expanded 
to  four  times  the  original  volume,  the  law  for  the  expansion  being  PV1-25  =  a  con- 
stant. Given  that  the  specific  heat  of  air  at  constant  volume  =  130-3  foot-lbs.  per 
pound,  and  at  constant  pressure  =  183-4  foot-lbs.  per  pound,  find  (1)  the  tempera- 
ture of  the  air  at  the  end  of  the  expansion  ;  (2)  the  work  done  in  foot-lbs. ;  (3)  the 
amount  of  heat  which  must  have  been  given  by  or  been  rejected  to  an  external 
source  during  the  cycle.  (London  B.  Sc.  Eng.,  1904.) 
Answer. — 

(-1 


.    =  65  +  461  _  526  _  526 
41*1-1   =   i  -  / 


=  372°  absolute  or  -89°  F. 

r  /v  x1'25'1"! 

'L1  AVJ    J_90XU4X10[1-(1)*] 


w    !,        i    ,    ,,, 

Work  done  in  foot-lbs.  =  -^.^  _  1 

=  151,800  foot-lbs. 

7  —  n  1-408  —  1-25 

Heat  rejected  =     __  ..  x  work  done  =        n-4-Oft  —  x  151,800 

=  58,790  foot-lbs. 

3.  One  pound  of  air  at  32°  F.  and  at  atmospheric  pressure  occupies  12-387 
cub.  ft.     Find  its  pressure  at  212°  F.  and  compressed  to  3  cub.  ft. 

Ans.  82-9  Ibs.  per  square  inch. 

4.  Draw  diagrams  illustrating  the  addition  of  heat  to  a  gas  — 

(1)  at  constant  volume  ; 

(2)  at  constant  pressure  ; 

(3)  with  increase  of  both  pressure  and  volume. 

5.  Find  the  work  done  during  the  isothermal  expansion  of  I  Ib.  of  air  from  100 
Ibs.  per  square  inch  to  20  Ibs.  per  square  inch,  at  a  temperature  of  100°  F.  Hyp. 
log  5  =  1-609.  Ans.  48,021  foot-lbs. 

6.  Find  the  work  done  during  the  adiabatic  expansion  of  1  Ib.  of  air  from  100 
Ibs.  per  square  inch  to  20  Ibs.  per  square  inch.  Ans.  27,487  foot-lbs. 

7.  Air  is  compressed  in  an  air-compressor  adiabatically.     If  the  initial  tempera- 
ture is  60°  F.,  find  the  final  temperature.     The  final  pressure  is  6  atmospheres. 

Ans.  408°  F. 
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8.  A  quantity  of  air  at  60°  F.  is  compressed  adiabatically  to  \  its  volume,  and  is 
then  cooled  down  to  60°  F.  at  constant  pressure.    The  compressed  air  is  next  used 
for  doing  work  by  expanding  adiabatically  to  the  initial  pressure.     Show  that  the 
ratio  of  the  work  done  during  expansion  to  that  expended  during  compression  = 
(i)y-1.     Prove  the  formula  on  which  you  rely.     (Bd.  of  Ed.,  Hons.,  1893.) 

9.  Find  an  expression  for  the  work  done  by  5  cub.  ft.  of  air,  at  a  pressure  of 
50  Ibs.  per  square  inch,  when  expanding  at  a  constant  temperature  of  110°  F.  into 
a  volume   of  8  cub.  ft.       State  the  amount  of  heat  which  must   be  supplied 
during  expansion,  and  give  reasons  for  your  statement. 

Given,  hyp.  log  2  .-  0-69315 
hyp.  log  10  =  2-30259 
(Bd.  of  Ed.,  Hons.,  1892.)  Ans.  21-7  B.T.U. 

10.  Find  an  expression  for  the  efficiency  when  air  at  60°  F.  is  compressed  to  a 
pressure  of  5  atmospheres,  then  cooled  down  under  a  constant  pressure  to  60°  F., 
and  afterwards  used  for  doing  work  by  expanding  it  back  again  to  the  pressure  of 
the  atmosphere.     (Bd.  of  Ed.,  Hons.,  1891.) 

11.  Calculate  the  work  done  in  adiabatically  compressing  and  delivering  3  cub. 
ft.  of  dry  air  from  atmospheric  pressure  to  a  pressure  of  75  Ibs.  per  square  inch 
above  the  atmosphere.     The  ratio  of  the  specific  heats  is  1-408.     You  may  neglect 
clearance  effects,  and  take  the  pressure  of  the  atmosphere  at  15  Ibs.  per  square 
inch.     (Inst.  C.E.,  Feb.,  1902.)  Ans.  15,210  foot-lbs. 

12.  Define  the  terms  "  adiabatic  "  expansion  and  "isothermal"  expansion.   In 
an  air-compressor,  10  cub.  ft.  of  air  at  a  gauge  pressure  of  5  Ibs.  per  square  inch 
and  a  temperature  of  60°  F.  is  compressed  adiabatically  to  a  gauge-pressure  of 
105  Ibs.  per  square  inch.     Find  the  volume  and  temperature  at  the  end  of  the 
compression.     If  the  compression  was  isothermal,  find  the  volume  at  the  end  of 
compression ;  the  atmospheric  pressure  may  be  taken  as  15  Ibs.  per  square  inch. 
(Inst.  C.E.,  1905.) 

Ans.  Final  temperature  =  414-8°  F.  ;    final  volume  =  2'800  cub.  ft. ;    if 
compression  isothermal,  final  volume  —  1'66  cub.  ft. 

13.  Explain  why  it  is  not  possible  to  convert  the  whole  of  a  given  quantity  of 
heat  into  work.     What  is  about  the  best  possible  efficiency  of  a  steam-engine  ? 

14.  State  Carnot's  principle.     Point  out  the  chief  conclusions  of  a  practical 
kind  which  have  been  deduced  from  this  statement.     Give  the  reasoning  on  which 
you  found  a  measure  of  the  efficiency  of  a  perfect  heat-engine.  (Bd.  of  Ed.,  Hons., 

15.  State  the  two  laws  of  thermo-dynamics,  and  explain  what  limitation  the 
second  places  upon  the  first  in  its  application  to  heat-engines.      (Inst.  C.E.,  Feb., 
1898.) 

16.  Sketch  the  indicator  diagram  of  an  air-engine  working  with  a  Carnot  cycle, 
and  find  formulae  for  the  heat   expended,  the   work  done,  and  the   efficiency. 
(Inst.  C.E.,  Oct.,  1898.) 

17.  State  the  first  law  of  thermo-dynamics,  and  give  some  account  of  any 
experiment  with  which  you  are  acquainted  by  means  of  which  its  truth  has  been 
established.      The  consumption  of  coal  in  an  engine  is  2  Ibs.  per  I.H.P.  per  hour, 
and  each  pound  of  coal  may  be  taken  as  supplying  10,000  thermal  units.     Find 
what  fraction  of  the  heat  is  usefully  employed.     (Inst.  C.E.,  Feb.,  1899.) 

Ans.  12*7  per  cent. 

18.  Distinguish  between  the  adiabatic  and  the  isothermal  expansion  of  a  perfect 
gas  as  regards  work  done,  heat  supplied,  and  efficiency.     Prove  your  expression 
for  the  work  done  during  each.     (Inst.  C.E.,  Feb.,  1898.) 

19.  Show  by  a  sketch,  in  approximately  correct  relationship,  the  curves  for  the 
(a)  isothermal,  (b)  adiabatic,  (c)  PV1-8  =  constant,  expansion  of  1  Ib.  of  air  from 
a  given  initial  pressure-volume  and  temperature    to  twice   its   initial   volume. 
State  broadly  the  difference  (not  numerically)  in  the  variation  'in  internal  energy 
between  each.     (Inst.  C.E.,  Oct.,  1902.) 

20.  What  is  the  law  connecting  pressure,  volume,  and  temperature  of  1  Ib.  of 
air,  if  at  1  atmosphere  and  0°  C.  the  volume  is  12-39  cub.  ft.  ?      At  2£  atmo- 
spheres and  130° C.,  what  is  its  volume?     It  receives  heat  energy  equivalent  to 
300,000  foot-lbs.  at  constant  volume  :  what  are  its  new  pressure  and  temperature  ? 
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The   specific  heat  of  air   at   constant  pressure   is  0238.      (Bd.   of  Ed.,   Stage 
III.,  1203.) 

Am.  PV  =  95-83T  ;  V  =  7-311  cub.  ft. ;  152-6  Ibs.  per  square  inch  ;  T  =  UOS°  C. 

21.  Fluid  expands  from  a  point  on  the  diagram  where  p  is  represented  by  1-5 

inches,  and  v  by  1  inch,  to  a  place  where  v  is  3-5  inches.    According  to  each  of  the 

laws  of  expansion,  pv  constant,  pu1-0*46  constant,  and^v1-13  constant,  find  the  value 

of  p  at  the  end  of  the  expansion  in  each  case.     (Bd.  of  Ed.,  Stage  II.,  1900.) 

Ans.  0-428;  0-395;  6-364. 

II. 

1.  Find  the  pressure  of  saturated  steam  at  a  temperature  of  350°  F. 

Ans.  134*6  Ibs.  per  square  inch. 

2.  Draw  a  diagram  illustrating  the  changes  of  H,  L,  p,  and  E  between  102°  F. 
and  400°  F. 

Find  the  external  latent  heat  and  intrinsic  energy  in  1  Ib.  of  steam  at  14'7  Ibs. 
per  square  inch  ;  temperature  212°  F. ;  volume  of  1  Ib.  is  26-6  cub.  ft. 

Ans.  E  =  72-3 ;  p  +  li  =  1074-7. 

3.  Find  the  total  heat,  latent  heat,  internal  heat,  and  external  heat  of  1  Ib.  of 
steam  at  a  temperature  of  373°  F. 

Find  the  volume  of  1  Ib.  of  steam  at  a  pressure  of  150  Ibs.  per  square  inch 
absolute. 

Compare  your  answers  with  those  given  in  the  Steam  Tables,  page  389. 

4.  How  much  heat  has  been  expended  in  evaporating  1  Ib.  of  water  at  60°  F. 
into  steam  at  350°  F.,  the  wetness  of  the  steam  being  5  per  cent.  ? 

Ans.  1115B.T.U. 

5.  A  boiler  evaporates  8J  Ibs.  of  water  per  pound  of  coal.     The  pressure  of  the 
steam  produced  is  100  Ibs.  per  square  inch  (temperature  328°  F.),  feed  temperature 
60°  F.     Find  the  equivalent  evaporation  from  and  at  212°  F.        Ans.  10'13  Ibs. 

6.  A  boiler  evaporates  7'3  Ibs.  of  water  into  steam  from  feed  water  at  60°  F. 
Find  the  equivalent  evaporation  from  and  at  212°  F.     Temperature  of  steam, 
357°  F.     The  steam  produced  is  85  per  cent.  dry.  Ans.  7'78  Ibs. 

7.  A  boiler  evaporates  9*7  Ibs.  of  water  per  pound  of  coal  from  water  at  60°  F. 
The  temperature  of  the  steam  is  376°  F.     Find  the  equivalent  evaporation  from 
and  at  212°  F.  Ans.  11-7  Ibs. 

8.  A  boiler  produces  8-2  Ibs.  of  wet  steam  per  pound  of  coal  from  feed  water  at 
80°  F.     Find  the  equivalent  evaporation   from  and  at  212°  F.  if  the  steam  is 
90  per  cent.  dry.  Ans.  8'9  Ibs. 

9.  A  boiler  evaporates  7'5  Ibs.  of  superheated  steam,  the  temperature  on  leaving 
the  superheater  being  650°  F.     The  feed  water  enters  the  boiler  at  85°  F.     The 
pressure  of  the  steam  is  100  Ibs.  absolute,  and  the  temperature  of  saturated  steam 
at  this  temperature  is  328°  F.    Find  the  equivalent  evaporation  from  and  at  212°  F. 
Total  heat  per  pound  =  H  +  32  -  85  +  0-48(650  -  328).  Ans.  9'95  Ibs. 

10.  When  comparing  different  boilers,  what  do  we  take  as  the  standard  of 
evaporation  ?     Feed  water,  25°  C. ;    steam,  15  per  cent,  wet ;    that  is,  there  is 
0-15  Ib.  of  water  to  0'85  Ib.  of  steam  leaving  a  boiler  at  180°  C.     If  9  Ibs.  of  this 
wet  steam  leaves  a  boiler  for  every  pound  of  coal  burnt  in  the  furnace,  what  is  the 
evaporative  power  of  the  coal,  reduced  to  standard  units  of  evaporation  ?     (Bd.  of 
Ed.,  Stage  II.,  1903.)  Ans.  9-447  Ibs. 

11.  Steam  coming  from  a  boiler  is  led  into  a  tank  of  water.     Show  how,  by 
using   thermometers    and   noting  the  amount  of  water  in  the  tank  at  various 
times,  we  can  find  the  dryness  of  the  steam  leaving  the  boiler.     (Bd.  of  Ed.. 
Stage  II.,  1904.) 

12.  Steam  is  admitted  to  a  tank  containing  190  Ibs.  of  water.     The  initial 
temperature  of  the  water  is  55°  F.,  and  the  final  temperature  is  78°  F.     The 
steam   condensed   is  4  Ibs.     If   the  pressure  of  the  steam   is   150  Ibs.  absolute 
(temperature  358°  F.),  find  the  dryness  of  the  steam.  Ans.  0'941. 

13.  Steam  is  condensed  in  a  tank  containing  300  Ibs.  of  water  at  47°  F.     The 
increase  in  the  weight  of  the  water  is  8  Ibs.  and  the  final  temperature  is  75°  F. 
Find  the  dryness  of  the  steam  if  the  temperature  of  the  entering  steam  is  341°  F. 

Ans.  0-895. 
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14.  Upon  what  principle  does  the  throttling  calorimeter  depend  ?     What  is  the 
maximum  percentage  of  moisture  that  it  will  measure  ?     State  the  formula  for 
determining  the  percentage  of  moisture. 

15.  The  steam  in  the  main  steam-pipe  has  a  temperature  of  320°  F.     It  enters 
a  throttling  calorimeter,  and  its  temperature  after  expansion  is  267'5°  F.  and 
pressure  21  Ibs.  per  square  inch.     The  temperature  of  saturated  steam  at  21  Ibs. 
is  230-5°  F.     Find  the  dryness  of  the  steam.  Ans.  O99. 

16.  Steam  enters  a  throttling  calorimeter  at  344°  F.,  and  expands  to  19  Ibs.  per 
square  inch.     The  temperature  of  saturated  steam  at  19  Ibs.  per  square  inch  is 
225°  F.     The  actual  temperature  of  the  steam  is  290°  F.     Find  the  dryness  of 
the  steam.  Ans.  0-995. 

17.  Steam  escapes  from  a  vessel  which  is  maintained  at  a  temperature  £,,  into 
a  vessel  whose  temperature  is  ty ;  prove  that — 

_  /,  -  t,  -  .r,(L,  -  L,) 
*'-'      •*'-  L2 

where  #,  and  it1,  are  the  dryness  fractions,  and  L1(  L.,  the  latent  heats.    (Inst.  C.E., 
1904.) 

18.  Describe  any  method  with  which  you  are  familiar  for  measuring  the  wetness 
of  steam.     (Inst.  C.E.,  Oct.,  1901.) 

19.  Draw   the   three    characteristic    curves    for   steam,    and   say   under   what 
conditions  steam  follows  each  of  these  curves  during  expansion. 

dp 
dt 

150°  C.     The  latent  heat  of  steam  at  150°  C.  is  500-8  in  pound-Centigrade  units  : 

find  the  volume  of  a  pound  of  steam  at  150°  C. 

6 145  150  155 

Pressure  in  pounds  per  square  foot  .  8698  9966  11,380 


Prove  your  formula.     (Bd.  of  Ed.,  Stage  III.,  1903.) 

To  find  the  Volume  of  1  Ib.  of  Saturated  Steam. — It  is  not  easy  to  determine  this 
volume  directly,  so  it  is  calculated  from  other  properties  of  steam  which  can  be 
more  accurately  determined. 

In  applying  Carnot's  cycle  to  the  steam-engine,  the  work  obtained  per  pound  was 

T       irn        m    \  TT       /rp       rp    \ 

shown  to  be  equal  to     u    '         »  in  heat  units,  or       '^  J,         2'  in  foot-lbs. 

If  the  temperatures  are  close  together,  this  expression  may  be  written       T    . 

Referring  to  the  indicator  diagram,  the  length 
MN  is  u  —  w,  where  u  =  vol.  of  1  Ib.  of  steam,  and 
ic  =  vol.  of  1  Ib.  of  water.  Its  height  =  5P. 


The  area  of  the  diagram  =  work  done  =  5P  x  (u  —  iv) 


In  the  limit  u  —  w 


T 

JL 


,  JL 

or  u  =  w  +  -= -  x 


FIG.  458. 

The  volume  of  1  Ib.  of  steam,  when  calculated 

by  the  above  formula,  depends  upon  J,  which  causes  the  volume  to  vary 
in  different  Tables  according  to  whether  772  or  778  has  been  used  in  the  cal- 
culation. 
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In  the  example  given  we  find,  from  plotting  on  squared  paper — 


£=» 


JL      dT 
T  x  dp 


=  6-172  cub.  ft. 

T         /"7HP 

21.  Derive  the  formula  (v  -  w)  =  -^  x  ^p.     Steam  at  90  Ibs.  absolute  (£  =  820), 

L  =  888'4,  the  change  of  pressure  for  one  degree  is  1-28  Ibs.  per  square  inch  :  find 
the  volume  of  1  Ib.  of  dry  steam,  taking  w  =  0-016.     (Inst.  C.E.,  Oct.,  1903.) 

Ans.  4-86  cub.  ft. 

22.  What  is  the  volume  of  1  Ib.  of  steam  at  165°  C.,  the  latent  heat  being  490 

in  pound-Centigrade  units  ?     To  find  ~    approximately,  use  squared  paper  and 
the  following  information  :  — 


8°  G 160  165  170 

Pressure  in  pounds  per  square  foot .  12,940  14,680  16,580 


Prove  your  formula.     (Bd.  of  Ed.,  Stage  III.,  1900.)  Ans.  4-29  cub.  ft. 

23.  How  much  heat  must  be  given  to  1  Ib.  of  feed  water  at  40°  C.  to  convert 
it  into  steam  which  is  10  per  cent,  wet  at  180°  C.  ?     An  engine  uses  5000  Ibs.  of 
this  steam  per  hour,  the  indicated  horse-power  being  180.     What  is  the  indicated 
energy  per  hour  in  heat  units?     How  much  heat  goes  to  the  condenser  or  is 
radiated  ?     (Bd.  of  Ed.,  Stage  II.,  1905.) 

Ans.  573  heat  units ;  indicated  energy  =  255,900  heat  units ;  heat  to  con- 
denser =  2,609,100  heat  units. 

24.  An  engine  uses  4000  Ibs.  of  wet  steam  per  hour  at  170°  C.,  there  being  90 
per  cent,  steam  and  10  per  cent,  water.     If  the  feed  water  was  at  20°,  how  much 
heat  is  supplied  ?     If  the  indicated  horse-power  is  140,  how  much  heat  energy  is 
indicated  per  hour  ?     If  we  imagine  no  heat  to  be  radiated,  and  if  the  circulating 
water  of  the  condenser  is  raised  10  degrees  Centigrade,  how  many  pounds  of  cir- 
culating water  are  being  used  per  hour  ?     (Bd.  of  Ed.,  Stage  II.,  1901.) 

Ans.  4,244,400  B.T.U. ;  356,298  B.T.U. 

25.  Feed  water  25°  C.  ;  steam  10  per  cent,  wet  ;  that  is,  there  is  0-1  Ib.  of  water 
to  0-9  Ib.  of  steam  at  170°  C.     If  26  Ibs.  of  this  wet  steam  enter  the  cylinder  per 
indicated  horse-power,  how  much  of  the  heat  passes  to  the  exhaust  ?     If  the  stuff 
leaves  the  cylinder  as  saturated  steam  and  water  at  105°  C.,  what  is  its  wetness  ? 
Neglect  radiation  or  other  loss  of  heat  by  the  cylinder.     (Bd.  of  Ed.,  Stage  III., 
1903.) 

Ans.  13,204  heat  units  per  I.H.P.  per  hour  above  25°  C.  ;  wetness  18  per 
cent. 

26.  Explain  fully  what  occurs  when  heat  is  applied  to  water  until  it  is  converted 
into  dry  saturated  steam,  the  pressure  being  maintained  constant  during  the  pro- 
cess.    Illustrate  your  remarks  by  means  of  the  temperature-entropy  chart,  taking 
the  following  numerical  data  :  — 

Weight  of  water 1  Ib. 

Initial  temperature  of  water 100°  F. 

Pressure  of  steam 150  Ibs.  per  square  inch 

absolute 
Temperature   of   saturated  steam  at  this!  q_RO  -r? 

pressure f  6 

Total  heat    .     .     .  1191  B.T.U. 
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How  many  heat  units  are  required  throughout  the  whole  process,  and  how  many 
are  required  for  the  mere  conversion  of  the  water  into  steam  after  it  has  been 
raised  to  the  steam  temperature  ?  (Note. — A  hand-sketch  of  the  chart  will  be 
sufficient.)  (Inst.  C.E.,  Feb.,  1900.) 

27.  If  water  is  supplied  at  60°  F.  and  evaporated  at  120  Ibs.  pressure  per  square 
inch  (t  —  341°  F.),  how  many  pounds  of  water  will  be  evaporated  by  5000  thermal 
units  ?     Give  full  details  of  your  working,  and  calculate  each  portion  of  the  heat 
addition  to  the  water  separately.    (Inst.  C.E.,  Feb.,  1901.) 

Ans.   Sensible    heat  =  281    B.T.U. ;    latent    heat  =  875'3    B.T.U. ;    total 
heat  =  1156-3  B.T.U. ;  water  evaporated  =  4-325  Ibs. 

28.  Calculate  in  British  thermal  units  the  external    and    internal  heat    per 
pound  of  saturated  steam  which  is  supplied  from  a  boiler  working  at  a  pressure 
of  100  Ibs.  per  square  inch  (absolute). 

Number  of  cubic  feet  per  pound  of  steam 4-37 

Total  heat  of  evaporation  from  32°  F 1182  B.T.U. 

Temperature  of  steam 328°  F. 

(Inst.  C.E.,  Oct.,  1901). 

Ans.  External  heat  =  80-9  B.T.U.  ;  internal  heat  -  1101-1  B.T.U. 

29.  Distinguish  between  the  "  internal  work  "  and  the  "  external  work  "  done 
in  changing  the  state  of  a  fluid.     If  the  heat  expended  in  generating  a  pound  of 
steam  be  1000  thermal  units,  and  the  external  work  done  be  60,000  foot-lbs.,  find 
how  much  internal  work  is  done.     (Inst.  C.E.,  Oct.,  1898.)       Ans.  922*9  B.T.U. 

30.  Calculate  the  number  of  British  thermal  units  supplied  per  pound  of  steam, 
starting  from  water  at  70°  F.,  and  generated  in  a  boiler  at  a  pressure  of  150  Ibs. 
per  square  inch  (temperature  358°  F.),  and  afterwards  superheated  to  a  temperature 
of  500°  F.     You  may  assume  the  common  value  for  the  specific  heat  of  superheated 
steam  to  be  correct.     (Inst.  C.E.,  Oct.,  1901.)  Ans.  1219-6  B.T.U. 

31.  A  steam  electric  generator  on  three  long  trials,  each  with  a  different  point 
of  cut-off  on  steady  load,  is  found  to  use  the  following  amounts  of  steam  per  hour 
for  the  following  amounts  of  power : — 


Pounds  of  steam  per  hour 
Indicated  horse-power  .     .     : 
Kilowatts  produced      .     .     1 

4020                 6650 
210                   480 
114                   290 

10,800 
706 
435 

Find  the  indicated  horse-power  and  the  weight  of  steam  used  per  hour  when 
330  kilowatts  are  being  produced. 

Find  in  the  four  cases  the  amounts  of  steam  used  per  Board  of  Trade  unit  (that 
is,  per  kilowatt-hour).  (Bd.  of  Ed.,  Stage  II.,  1901.)  Ans.  545  I.H.P. ;  7590  Ibs. 

32.  Taking  the  hypothetical  indicator  diagram,  if  the  average  pressure  during 
the  stroke  is 


where  pl  is  the  initial  pressure,  and^3  is  the  back  pressure  ;  if  r,  the  ratio  of  cut-off, 
is  3,  if  p.3  is  17,  if  the  area  of  the  piston  is  150  sq.  in.,  if  the  crank  is  1'2  feet, 
if  there  are  300  strokes  per  minute,  then  the  horse-power  is — 

P  =  apl  -  b 
Find  the  constants  a  and  6. 

If  u  is  the  volume  of  1  Ib.  of  initial  steam,  then  the  weight  in  pounds  per  hour  is — 

W=   C 

M, 

Find  the  constant  c. 
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Given  the  following  values  of  pl  and  M,,  find  P  and  W  and  tabulate  them: — 


Pl 

"l 

60 
7-03 

80 
5-37 

100 
4-356 

120 
3-671 

(Bd.  of  Ed.,  Stage  ] 

L,  1905.) 

Ans 

a  =  1-526  ;  b 

=  37-1  ;  c  =  10,000. 

$ 

W 

60 
54-5 
1422 

80 
85 
1862 

100 
115-5 
2296 

120 
146 

2724 

33.  lip  =  79-03  when  6  =  155°  C.,  and  p  =  89'86  when  0  =  160°  C.,  find  0  and 
(^e  when  p  is  85,  assuming  that  p  -  a(0  +  &)*.     (Bd.  of  Ed.,  Stage  II.,  1899.) 

Answer. — 

p  =  a(6  +  6):>  ;  P  =  (e  +  b)6 


•••<'+«=(# 

de     i  ., 


Substituting  in  equation  (1)  to  find  a — 

»+.. 


(1) 


(2) 


/.  by  subtraction  we  have  5  =  -'4f 9  -  — ^ 

a*     a^ 
5a°  -  0-063 

.'.  ^  =  0-063  X  85"  =  0-063  x  34'95  =  2'202 

da 

the  units  being  pounds  per  square  inch  and  degrees  C. 

To  find  b,  substitute  the  valve  of  as  in  (2) — 

155  +  b  =  (79-03)*  X  ^~ 

b  =  35-2 
To  find  0— 

0  +  35-2=/8^V' 

0  +  35-2  =  2  :31_x_5  =  193 

/.  0  =  193  -  35-2  =  157-8°  C. 

34.  The  volume  of  1  Ib.  of  saturated  steam  at  160°  C.  has  been  calculated  by 
the   well-known  formula  from  latent  heat,  etc.,  and  found  to  be  4'82  cub.   ft. 

What  value  must  have  been  taken  for  ^?     Take  Joule's  equivalent  as  1393. 
Prove  the  formula  to  be  correct.     (Bd.  of  Ed.,  Stage  III.,  1899.)  Ans.  330. 
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35.  Define  the  terms  "  superheated  "  and  "  dry  saturated  "  as  applied  to  steam. 
During  the  trials  of  an  engine  using  superheated  steam,  the  steam  was  supplied 
at  a  pressure  of  130  Ibs.  per  square  inch  absolute,  and  the  superheat  was  300°  F. 
The  engine  consumed  12  Ibs.  of  steam  per  I. H. P.  hour,  the  feed  temperature  being 
120°  F.  Express  the  consumption  in  "  pounds  of  dry  saturated  steam"  at  the 
same  pressure,  and  also  in  "pounds  of  water  evaporated  from  and  at  212°  F." 

At  a  pressure  of  130  Ibs.  per  square  inch  absolute,  the  boiling-point  is  347 '2°  F., 
the  total  heat  of  1  Ib.  of  dry  saturated  steam  is  1,187'9  B.T.U.,  reckoned  from 
32°  F.,  and  the  latent  heat  is  859-6  B.T.U.  Take  the  mean  specific  heat  of  the 
superheated  steam  as  0'48.  (Inst.  C.E.,  1905.)  Ans.  13'57  Ibs.  and  15'44  Ibs. 


III. 

1.  Find  the  heat  given  to  1  Ib.  of  feed  water  at  40°  C.  to  convert  it  into  wet 
steam  (15  per  cent,  water)  at  170°  C.  If  25  Ibs.  of  this  wet  steam  reaches  the 
cylinder  per  horse-power  hour,  what  percentage  of  the  heat  leaves  with  the  exhaust 
or  is  radiated  from  the  cylinder  ? 


Temperature 170°  C. 

Entropy  of  1  Ib.  of  water  0-490 

Entropy  of  1  Ib.  of  steam     ;         1-585 


100°  C. 
0-314 

1-748 


40°  C. 
0-137 
1-982 


Draw  a  6$  diagram.  State  in  heat  units  and  foot-pounds  the  energy  that  is 
represented  to  scale  by  one  square  inch  of  your  figure.  Find  the  work  that  would 
be  done  per  pound  of  this  wet  steam  in  a  perfect  steam-engine  (Rankiiie  cycle) 


u 

u   380 


•A       -6         8      10      12     |'4 
ENTROPY 


FlG.    459. 


working  between  these  temperatures  of  170°  C.  and  40°  C.     What  is  the  efficiency 
ratio  of  the  engine  as  compared  with  this  perfect  steam-engine  ? 
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Answers  must  be  correct  to  one  per  cent.  The  examiners  do  not  want  to  be 
told  how  calculations  are  made  by  the  <f>6  diagram  ;  candidate  must  really 
make  the  circulations  correctly.  Also,  calculation  by  a  formula  is  not  what  is  here 
wanted.  (Bd.  of  Ed.,  Stage  III.,  1902.) 

Heat  required  =  h  +  xL>  =  170  -  40  +  0-85L 
L  -  606-5  -  0-695  x  170  =  488-4 

heat  required  =  170  -  40  -f-  0-85(488-4)  =  130  +  415  =  545  units 
heat  entering  cylinder  =  545  x  25  —  13,625  units 

,        33000  x  60     1  ...  . 
heat  transformed  into  work  =  --  YH?>O  ----  =  1414  units  per  hour 


percentage  to  exhaust  =  -       -~~—  =  =  0-896  or  89'6  per  cent. 


The  amount  of  heat  converted  into  work  is  shown  by  the  area  ABCD  on  the 
t  -  $  diagram. 

This  area  =  283  squares,  and  each  square  is  equal  to  5  x  O'l  =  0-5  heat  units 

/.  total  area  represents  283  x  0-5  =  141-5  heat  units 

efficiency  =  ~^j  x  100  =  39'9  per  cent. 

2.  Given  the  following  information,  draw  a  t  —  ty  diagram  :  — 

A  quantity  of  water-steam  whose  weight  is  unknown  has  the  volume  6-16  cub. 

ft.  at  160°  C.     It  expands  adiabatically  to  150°  C.,  and  then  its  volume  is  26-27 

cub.  ft.  ;  neglect  the  volume  of  the  water  part. 


fruC. 

<p  of  1  Ib.  of  water. 

<p  of  1  Ib.  of  steam. 

u,  the  cubic  feet  of 
steam  per  pound. 

160 
115 

0-466 
0-354 

1-604 
1-705 

4-827 
16-32 

What  is  the  weight  of  stuff  with  which  we  are  dealing,  and  how  much  of  it  is 
steam  and  how  much  of  it  water  at  the  beginning  and  at  the  end  ?  (Bd.  of  Ed., 
Hons.,  1904.) 

On  the  t  —  <f>  diagram  4-827  cub.  ft.  are  represented  by  a  length  measured  on 
the  entropy  scale  =  (1-604  -  0-466)  =  1-138. 

Therefore  6-16  cub.  ft.  will  be  represented  by  ---  4.327  —  ~  1*452,  and  the 
total  length  from  the  zero  line  =  1-452  +  0-466  =  1-918. 


Similarly,  26-27  cub.  ft.  are  represented  by  (1-705  -  0'354)16.g2  =  2'174'  and 

the  total  length  from  the  zero  line  =  2-174  +  354  =  2-528. 

If  the  diagram  had  been  drawn  for  x  Ibs.  of  steam  and  water  instead  of  1  Ib., 
and  the  mixture  had  expanded  adiabatically,  <f>  would  have  been  constant. 

Therefore  the  additional  water  required  in  order  to  increase  the  entropy  from 

1*918  to  2'528  =  fr-jf,R       vaK/n  because  every  pound  of  water  increases  the  entropy 

U*4:OC)    ~~    Uo04: 

by  0-466  -  0-354. 

/.  total  water  and  steam  present  at  the  beginning  =  ATTTO  +  1  =  c'^6  Ibs. 

of  which  .  ft97  Ibs.  are  steam  =  1'276  Ibs. 

.'.  dryness  at  beginning  =  ^    ^    =  0192 
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The  steam  present  after  expansion  =  ---  ~  =  1-61  Ibs. 

16'32 

.*.  dryness  after  expansion  —        '     —  Q-25 
6  446 

3.  What  percentage  of  steam  initially  containing  10  per  cent,  of  moisture  will 
be  liquefied  during  adiabatic  expansion  from  307°  F.  to  120°  F.  ?  (Inst.  C.E.,  Feb., 
1903.)  Ans.  Wetness  after  expansion  =  25  per  cent. 

4.  The  entropy  of  1  Ib.  of  water  for  the  absolute  Centigrade  temperature  t  is  — 


Calculate  this  for  two  values  of  the  temperature,  say  70°  C.  and  170°  C.  It  is, 
of  course,  0  at  0°  C.  Plot  the  temperature-entropy  diagram  for  water.  State 
exactly  how  much  heat  is  represented  by  the  area  of  1  sq.  in.  of  your  diagram. 
(Bd.  of  Ed.,  Stage  II.,  1903.) 

5.  Find  the  entropy  added  to  1  Ib.  of  water  at  181°  C.  in  forming  1  Ib.  of  wet 
steam  at  181°  C.  if  nine-tenths  of  it  is  steam  and  one-tenth  water. 

Sketch  the  appearance  of  a  water-steam  temperature-entropy  diagram,  and  show 
how  it  informs  us  about  liquefaction  during  adiabatic  expansion.  (Bd.  of  Ed., 
Stage  II.,  1901.)  Ans.  0-9495. 

6.  Given  the  following  information,  draw  a  t$  diagram.     On  it  mark  the  point 
which  shows  a  pound  of  water-steam  which  is  90  per  cent,  steam  and  10  per  cent. 
water  at  160°  C.     Now  draw  the  adiabatic  to  115°  C.     At  115°  C.  how  much  of 
the  stuff  is  steam  ? 


PC. 

</>  of  1  Ib.  of  water. 

0  of  1  Ib.  of  dry  steam. 

160 
115 

0-466 
0-354 

1-604 
1-705 

(Bd.  of  Ed.,  Stage  II.,  1904.)  Ans.  84-1  per  cent. 

7.  Explain  what  is  meant  by  "  entropy,"  and  show  how  the  change  of  state  of 
a  fluid  consequent  on  the  application  of  heat  is  represented  graphically  by  a 
temperature-entropy  diagram.    A  fluid  receives  heat  (1)  at  a  constant  temperature 
of  300°  F.  ;  (2)  as  the  temperature  rises  at  a  uniform  rate  from  300°  F.  to  500°  F. ; 
(3)  at  a  constant  temperature  of  500°  F. ;  the  quantity  of  heat  received  in  each 
stage  being  1000  thermal  units.     Calculate  the  change  of  entropy,  and  sketch  the 
diagram.     (Inst.  C.E.,  Feb.,  1899.)  Ans.  (1)  1-314;  (2)  1-166;  (3)  1-041. 

8.  Show  how  the  heat  supplied  during  the  expansion  of  a  mixture  of  steam  and 
water  is  graphically  represented  on  a  temperature-entropy  diagram.     Show  that 
if  no  heat  is  supplied  to  steam  which  is  originally  dry,  it  necessarily  condenses 
during  expansion,  and  exhibit  graphically  the  heat  necessary  to  prevent  condensa- 
tion.    (Inst.  C.E.,  Oct.,  1898.) 

9.  A  pound  of  water  at  0°  C.  is  heated  as  water  to  145°  C.,  and  then  converted 
into  wet  steam  at  the  same  temperature  with  15  per  cent,  of  wetness  (p  is  60-4  Ibs. 
per  square  inch,  u  is  7'009  cub.  ft.  per  pound).     Find  its  intrinsic  energy  and  its 
entropy  in  excess  of  what  they  were  at  0°  C.     (Bd.  of  Ed.,  Stage  II.,  1900.) 

Ans.  748,655  foot-lbs. ;  1-452. 

10.  Show  how  to  construct  the  entropy  diagram  for  steam,  and  state  the  use  of 
the  diagram. 

Steam  expands  adiabatically  from  being  initially  wet.     Find  the  change  in  the 
dryness  fraction  for  a  given  range  of  temperature.     (Inst.  C.E.,  1904.) 

11.  If  an  indicator  diagram  of  a  steam-engine  cutting  off  at  ^-stroke  and  working 
between  a  pressure  of  100  Ibs.  and  30  Ibs.  absolute  were  supplied  to  you,  show  fully 
how  you  would  draw  an  entropy  chart  so  as  to  find  out  the  dryness  fraction  at  the 
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end  of  expansion.     State  what  additional  data  would  be  required.     (Inst.  C.E., 
Oct.,  1902.) 

12.  Given  the  following  information,  draw  a  t<f>  diagram.  A  pound  of  water- 
steam  at  160°  C.  expands  adiabatically  to  115°  C.  If  90  per  cent,  of  it  is  steam  at 
the  beginning,  how  much  of  it  is  steam  at  the  end  ?  If  only  30  per  cent,  of  it  is 
steam  at  the  beginning,  how  much  of  it  is  steam  at  the  end  ? 


fr°C. 

0  of  1  Ib.  of 
water. 

<j>  of  1  Ib.  of 
steam. 

«,  the  cubic        p,  the  pressure 
feet  of  steam     |    in  pounds  per 
per  pound        j     square  inch. 

160 

0-466 

1-604 

4-817 

89-86 

115 

0-354                  1'705 

1 

16-32 

2554 

What  is  the  actual  volume  v  at  the  beginning  and  end  in  both  cases,  neglecting 
the  volume  of  the  water  part  ?  Assume  that  in  each  case  there  is  an  adiabatic 
law  like  pvn  constant,  and  find  n.  (Bd.  of  Ed.,  Stage  III.,  1904.) 

Ans.   83-5  per   cent. ;    33'5  per  cent. ;    4-3353   cub.   ft. ;    13-62  cub.   ft  • 

1-445  cub.  ft. ;  5-466  cub.  ft. ;  n  =  1-16  and  1-00. 
13.  Given  the  following  numbers,  draw  the  temperature-entropy  diagram  : — 


Temperature 

100°  C. 

130°  C. 

160°  C 

Entropy  of  1  Ib. 

of  water  . 

0-314 

0-393 

0-466 

Entropy  of  1  Ib. 

of  steam  . 

1-748 

1-667 

1-604 

Steam  90  per  cent,  dry  at  160°  C. :  find  its  dryness  as  it  expands  adiabatically, 
at  130°  C.  and  at  100°  C.  (Bd.  of  Ed.,  Stage  III.,  1901.) 

Ans.  86-1  per  cent,  and  82  per  cent. 

14.  Taking  the  following  figures,  draw  a  0</>  diagram.  State  in  heat-units  and 
foot-pounds  the  energy  that  is  represented  to  scale  by  1  sq.  in.  of  your  figure. 
Find  the  work  that  would  be  done  by  1  Ib.  of  steam  90  per  cent,  dry  at  160°  C.  on 
the  Rankine  cycle,  the  lower  temperature  being  100°  C. 

Your  answers  must  be  correct  to  3  per  cent. 

The  examiners  do  not  want  to  be  told  how  calculations  are  to  be  made  by  the 
diagram;  candidates  must  really  make  the  calculations  correctly.  Also  calculation 
bv  a  formula  is  not  what  is  here  wanted. 


Temperature 

160°  C. 

130°  C. 

100°  C 

Entropy  of  1  Ib. 

of  water 

0-465 

0-391 

0-313 

Entropy  of  1  Ib. 

of  steam 

1-603 

1-668 

1-749 

Suppose  release  to  take  place  before  100°  C.  is  reached  in  the  expansion,  what 
assumption  is  made  to  enable  us  to  represent  release  on  the  0$  diagram  ?  (Bd.  of 
Ed.,  Hons.,  1903.)  Ans.  Work  done  =  65-1  B.T.U. 

15.  Sketch  the  entropy  diagram  for  steam  at  190°  C.  (p  =  182-4  Ibs.  per  square 
inch),  superheated  50°  C.  above  its  temperature  of  production,  expanded  adiabati- 
cally to  40°  C.  and  condensed.    Find  the  work  done  per  pound  of  steam.    What  is 
the  state  of  the  steam  as  to  dryness  at  the  end  of  the  expansion?     (Bd.  of  Ed., 
Hons.,  1900.) 

16.  Define  the  term  "thermal  efficiency."      Work  out  the   formula  for  the 
thermal  efficiency  of  the  Carnot  cycle   for  a  heat-engine,  and  for  the  Rankine 
(Clausius)  cycle  for  a  steam-engine,  or  show  the  meaning  graphically  by  means  of 
the  temperature-entropy  chart.    Why  is  the  thermal  efficiency  of  the  Carnot  cycle 
greater  than  that  of  the  Rankine  cycle  ?     (Inst.  C.E.,  Oct.,  1899.) 
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Steam-engine  using  Carnofs  Cycle. 

Let  a  small  amount  of  water  be  placed  in  a  non-conducting  cylinder.    Let  there 
be  two  indefinite  sources  of  heat,  T!  and  T2,  and  a  non-conductor  of  heat,  N. 
Let  the  water  be  at  the  temperature  T;  of  the  hot  body.    Then,  if  the  hot  body 


FIG.  460. 


be  applied,  the  water  will  be  converted  into  steam  at  constant  pressure  and  tempe- 
rature. This  is  represented  by  the  line  ab  of  the  indicator  diagram. 

Then  remove  the  source  of  heat  TI,  and  let  adiabatic  expansion  take  place 
until  the  temperature  T2  is  reached. 

Next  apply  C.  Compress  the  steam  isothermally  at  T2,  allowing  C  to  take  the 
heat  generated.  Stop  the  compression  at  d. 

Now  remove  C  and  apply  N,  allowing  adiabatic  compression  to  take  place  to  the 
original  temperature  Tj. 

The  indicator  diagram  for  the  cycle  is  abed. 

The  process  is  evidently  reversible.  The  heat  is  taken  in  at  Tl  and  rejected 
at  T2; 

T   —  T 

.*.  the  efficiency  of  the  cycle  =  -  -1         • 


The  heat  received  for  every  pound  of  water  evaporated  = 

.'.  the  heat  converted  into  work  per  pound  =  Lr  X 


-T2) 

T, 

In  practice  the  last  step  is  not  taken,  namely,  compressing  the  substance 
adiabatically  to  the  temperature  Tj.  Thus  the  substance  in  practice  does  not 
receive  all  its  heat  at  the  highest  temperature,  but  at  temperatures  lower  than  Tt. 


Steam-engine  not  taking  in  all  its  Heat  at  the  Highest  Temperature  (Rankine  Cycle). 

Let  1  Ib.  of  water  be  heated  from  T2  to  TI,  then  converted  into  steam  and 
expanded  adiabatically  to  T2.  Let  it  be  condensed  at  To  and  returned  to  the  boiler. 
To  find  the  heat  turned  into  work. 

In  this  case  most  of  the  heat  is  taken  in  at  T,,  but  a  certain  proportion  of  it  is 
taken  in  between  Tx  and  T2. 

If  a  very  small  proportion  of  the  heat  be  taken  in  at,  say,  T,  then  the  efficiency 

m   rp  *Q    ..    /m   __  m  \ 

of  this  amount  =    -     -»•*-,  and  the  heat  converted  into  work  =  *       '     "' . 

gQ/rn m  \ 

The  total  heat  converted  iuto  work  =  2  ^l  T        ,  where  5Q  represents  the  heat 
taken  in  at  T. 

2  v 
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Taking  the  specific  heat  of  water  as  unity,  8Q  —  5T,  the  heat  required  per  pound 
to  raise  water  from  TI  to  T2  =  TI  —  T2,  and  the  heat  required  to  convert  1  Ib.  of 
water  at  T!  to  steam  at  T!  =  Lt. 

Therefore  taking  the  limit  and  integrating,  we  have — 


T, 

Work  done  per  pound  =  W  =  / 


•f. 


T 


T2 


" 


i-T2) 


Work  per  pound  =  Tl  -  T2  -  T2 


T,      L,(T,  -T, 


T, 


T, 


It  is  obvious  that  if  the  whole  of  the  water  is  not  converted  into  steam,  but 
has  a  drness  =  x 


then  W  =  T,  -  Ts  -  T2  log*  |  +  y 

17.  Obtain  the  adiabatic  equation  for  steam.  One  pound  of  steam  is  expanded 
in  a  turbine  from  160  Ibs.  absolute  pressure  to  150  Ibs.  What  is  the  dryness  and 
volume  of  the  steam  after  expansion  ?  The  volume  of  1  Ib.  of  steam  at  150  Ibs. 
pressure  is  3'01  cub.  ft.  ;  L!  =  857*4  ;  L2  =  861'2  ;  T!  =  824'4  ;  T2  =  819'3.  Find 
also  the  velocity  acquired  by  the  steam. 


Adiabatic  Equation. 

The  heat  required  to  produce  1  Ib.  of  wet  steam  from  water  at  T2  =  Tx  —  T2 
When  this  wet  steam  is  expanded  adiabatically  to  T2  and  then  condensed,  the 

T  (T   —  T  ) 

work  done  per  pound  =  Tj  —  T2  —  T2  loge  ^  -f  a^L,—  -^  —  -.     The  heat  rejected 

i-a  -LI 

to  the  condenser  must  therefore  be  the  difference  between  these  two  quantities, 
namely  — 


T,  -  T. 


,  -    Tl  -  T2  -  T,  log, 


T, 


The  heat  rejected  at  T2  is  the  latent  heat  at  T2  =  .r,L2,  if  x.2  is  the  dryness ; 

/\»  T     rp  m 


ENTROPY 

FIG.  461. 


A 


.rL, 


=. 

1 


This  equation  may  be  used  to  find  the  dryness 
of  steam  after  adiabatic  expansion  has  taken 
place  from  TI  to  T2,  and  also  to  find  the  volume 
of  the  steam  after  expansion. 

Substituting  the  numbers  given  in  the  ques- 
tion, we  have — 


819-3/857-4 
:  861-21  824T4 


824-4 
lo°€  819-3 


o-j  Q» 

=  0^^(1-040 +  0-005987) 

Q-I  Q.q 

=  0-9954 


Bteam  present  &fter  expansion  =  C'9954  x  3-01  =  2  995  cub,  ft. 
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In  a  steam-turbine,  if  the  steam  expand  adiabatically  without  doing  external 
work,  c.11  the  energy  is  converted  into  velocity.     Taking  the  above  case- 

Loss  of  energy  =  (o-jLj  —  x^L*  +  ^  —  t2) 


64-4  =  778(857'4  ~  °'9954  X  861'2  +  5>4) 

v  =  V641  rx~5-"6  x  778 
=  529-7  ft.  per  second 


18.  Find  an  expression  for  the  Rankine  or  Clausius  thermal  efficiency  for  a 
steam-engine   receiving  saturated  steam  at  the  stop-valve  temperature  Ta  and 
exhausting  at  Te.    Sketch  an  entropy-temperature  diagram,  and  show  by  means  of 
areas  how  this  efficiency  may  be  graphically  represented  upon  it.     (Inst.  C.E., 
Oct.,  1901.) 

19.  Describe  the  Clausius-Rankine  cycle  commonly  employed  as  a  standard  of 
efficiency  in  steam-engines,  and  obtain  an  equation  for  the  useful  work  done  per 
pound  of  steam  in  an  engine  working  with  this  cycle.     (Inst.  C.E.,  Oct.,  1898.) 

20.  A  steam  electric  generator  on  three  long  trials,  each  with  a  different  point 
of  cut-off  on  steady  load,  is  found  to  use  the  following  amounts  of  power  :  — 


Pounds  of  steam  per  hour 

4020 

6650 

10,800 

Indicated  horse-power  .     . 

210 

480 

706 

Kilowatts  produced  .     .     . 

114 

290 

435 

Find  the  indicated  horse-power  and  the  weight  of  steam  used  per  hour  when 
830  kilowatts  are  being  produced. 

Find  in  the  four  cases  the  amounts  of  steam  used  per  Board  of  Trade  unit  (that 
is,  per  kilowatt-hour). 

In  what-  way  does  regulation  by  varying  cut-off  differ  as  to  economy  of  steam 
under  varying  load  factors,  from  regulation  by  varying  the  pressure,  letting  the 
cut-off  remain  constant  ?  (Bd.  of  Ed.,  Stage  III.,  1901.) 

Am.  545  I.H.P. ;  7590  Ibs.  of  steam;   35-26  Ibs. ;    22-93  Ibs. ;    24-93  Ibs. ; 
22-97  Ibs. 

21.  Answer  only  one  of  the  following  (a)  or  (b) : — 

(a)  Find  the  algebraic  formula  in  common  use  for  the   effective   pressure  in 
a  cylinder,   taking   the  usual   hypothetical   indicator  diagram ;    expansion  law, 
" pvn  constant."     Take  two  cases:  when  n  =  1  and  when  n  has  any  other  value. 
Take  initial  pressure  as^n,  back  pressure  as  j>3. 

(b)  If  it  be  taken  that  1  Ib.  of  water  receives  1  unit  of  heat  for  every  degree  of 
rise  of  temperature,  find  the  entropy  of  1  Ib.  of  water  at  any  temperature.     Now 
write  out  in  terms  of  the  temperature,  the  entropy  -of  1  Ib.  of  stuff  which  is 
10  per  cent,  water,  90  per  cent,  steam.     (Bd.  of  Ed.,  Stage  III.,  1903.) 

22.  Rankine  cycle,   perfect    steam-engine,   with    dry   steam    at    i\   expanded 
adiabatically  to  t3 :  find  a  formula  for  the  work  done  per  pound  of  steam.     How 
do  we  find  the  answer  graphically  ?     (Bd.  of  Ed.,  Hons.,  1899.) 

23.  A  perfect  steam-engine,  Rankine  cycle ;  given  the  higher  and  lower  tempe- 
ratures and  initial  wetness  or  amount  of  superheating.     Using  a  t$  diagram,  show 
how  you  would  find  the  work  done  per  pound  of  stuff.     If  the  stuff  is  released 
before  the  end  of  the  expansion,  show  the  amount  of  lessening  of  work  done. 
(Bd.  of  Ed.,  Stage  III.,  1899.) 

24.  A  pound  of  water  at  0°  C.  is  heated  as  water  to  150°  C.,  and  then  converted 
into  wet  steam  at  the  same  temperature,  with  (p  =  69-21  Ibs.  per  square  inch, 
6-168  cub.  ft.  per  pound)  20  per  cent,  of  water  in  it.     Find  its  intrinsic  energy 
and  its  entropy.     (Bd.  of  Ed.,  Stage  II.,  1899.) 

An*,  intrinsic  energy  =  928*6  B.T.U.  or  516°  C. ;  entropy  =  1-3837. 
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25.  Using  the  following  information,  draw  a  0<j>  diagram  for  water  and  steam 


0°  C.                      p. 

\ 

Entropy  of 
1  Ib.  of  water. 

Entiopy  of 
1  Ib.  of  steam. 

Volume  in  cubic 
feet  of  1  Ib.  of 

steam. 

100° 

! 

14-7 

0-313 

1-749              26-43 

150° 

69-2 

0-441 

1-623                6-168 

200° 

226 

I. 

0-556 

1-536                2-031 

State  the  amount  of  heat  that  is  represented  by  1  sq.  in.  of  area  of  your  diagram. 
In  the  expansion  of  1  Ib.  of  stuff  the  following  pressures  and  volumes  are  given  :— 


226 
.1-70 


69-2 
5-56 


14-7 

26-1 


Mark  these  three  points  on  the  0<f>  diagram.     How  much  heat  is  given  to  the 
stuff  during  this  expansion  ?     (Bd.  of  Ed.,  Stage  III.,  1905.) 

Ans.  13-2  pound-Centigrade  units. 

1.  Prove  the  correctness  of  the  Zeuner  valve  diagram. 

A  valve  has  an  outside  lap  of  1  in.,  inside  lap  of  0-3  in.     It  is  worked  by  a 
gear,  giving  in  two  positions  the  following  values  of  the  half-travel  and  advance":  — 


Half-travel 
Advance 


3-12' 
30° 


2-12" 
51° 


Find  the  two  probable  indicator  diagrams,  neglecting  shortness  of  connecting- 
rod.  Take  any  initial  and  back  pressures  you  please.  (Bd.  of  Ed.,  Stage  II.,  1900.) 

Proof. — Let  OC  (Fig.  462)  be  any  position  of  the  crank  making  an  angle  o  with 
the  centre  line  of  the  engine.  Let  OE  be  the  position  of  the  eccentric  at  the  same 
instant,  and  be  made  equal  to  half  the  valve-travel.  If  EF  be  drawn  at  right  angles 
to  the  centre  line,  OF  is  the  travel  of  the  valve  from  its  mid-position,  neglecting 
the  angularity  of  the  eccentric  rod.  Draw  OD  perpendicular  to  OC  ;  then  EOD  is 
the  angle  of  advance.  In  the  Zeuner  diagram,  draw  AB  equal  to  half  the  travel  of 
the  valve  and  making  an  angle  6  equal  to  angle  of  advance  with  AM.  Let  AH  be 
the  position  of  the  crank,  making  an  angle  a  with  the  centre  line,  and  cutting  the 
small  circle  in  G.  It  is  required  to  prove  AG  =  OF. 

a  +  6  -f-  angle  EOF  =  90° 
a  +  6  +  angle  GAB  =  90" 
o  /.  angle  EOF  =  angle  GAB 

Also  angle  EFO  =  angle  AGB,  both 
being  right  angles 
and  OE  =  AB 
/.  the  triangles  EFO  and  AGB  are 

equal 

.'.  AG  =  OF  =  travel  of   the  valve 
from  its  mid-position  when  the 
crank  makes  an  angle  o  with  the  centre  line 

2.  Having  given  the  laps  and  the  travel  of  a  slide-valve  and  the  angular  advance 
of  the  eccentric,  show  how  to  find  the  position  of  the  piston  for  each  event  in  the 
steam  distribution  in  both  strokes,  the  ratio  of  length  between  the  connecting-rod 
and  crank  being  known.  (Inst.  C.E.,  Feb.,  1898.) 


FIG.  462. 
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3.  The  length  of  a  crank  is  14  in.,  the  slide-valve  has  half-travel  of  2£  in.,  its 
lap  is  1£  in.,  and  its  lead  i  in.     At  what  distance  from  the  end  of  the  stroke 
will  the  piston  be  when  the  steam  is  cut  off  if  the  obliquity  of  the  connecting- 
rod  is  neglected  ?     Prove  that  the  Zeuner  diagram  gives  correct  answers  when  the 
motions  are  simple  harmonic.     (Inst.  C.E.,  Feb.,  1899.)  Ans.  11-2  in. 

4.  Describe  with  sketches  a  piston  slide-valve,  showing  its  seat  and  the  cylinder 
ports.     (Bd.  of  Ed.,  Stage  II.,  1900.) 

5.  Show  the  position  of  a  slide-valve  at  the  beginning  of  the  stroke  of  an  engine. 
A  slide-valve  has  half-travel  2'10  in.,  advance  40°,  lap  1  in.,  inside  lap  0'3  in. :  draw 
a  possible  indicator  diagram.     Prove  your  valve  diagram  to  be  correct.     (Bd.  of 
Ed.,  Stage  II.,  1901.) 

6.  Sketch  a  simple  slide-valve,  showing  cylinder  ports   and  no  more  of  the 
cylinder ;  show  the  valve  in  its  mid-position.     Show  in  dotted  lines  the  position 
of  the  valve  when  the  piston  has  just  begun  its  stroke.     What  do  we  mean  by 
outside  lap  of  a  valve,  inside  lap,  advance,  and  half-travel  ?     The  half-travel  is 
3-36  in.,  advance  42°.    What  simple  diagram  enables  us  to  find  the  distance  of 
the  valve   from  its  mid-stroke  for  any  position  of  the  main  crank  ?      Prove  it 
correct. 

Having  such  a  diagram,  we  obtain  the  openings  of  the  port  to  steam  or  exhaust 
by  subtracting  the  outside  or  inside  lap:  explain  how  this  occurs.  (Bd.  of  Ed., 
Stage  III.,  1903.) 

7.  Given  the  travel  and  advance  of  a  valve,  show  how  we  find  graphically,  for 
any  position  of  the  main  crank,  the  distance  of  the  valve  from  the  middle  of  its 
stroke.     Prove  your  method  to  be  correct.     (Bd.  of  Ed.,  Stage  II.,  1904.) 

8.  A  slide-valve  has  a  half-travel  of  3  in.,  and  its  advance  is  55°.     Make  a 
diagram  showing  the  position  of  the  valve  for  any  position  of  the  main  crank  of 
the  engine.      Prove  yourself  correct.     (Bd.  of  Ed.,  Stage  II.,  1905.) 

9.  Prove  the  truth  of  the  Zeuner  method  of  showing  the  displacement  of  a  slide- 
valve  for  any  position  of  the  crank.    Half-travel  2  in.,  advance  30°,  lap  '\  in.,  inside 
lap  0-2  in. :    draw  the  probable  indicator  diagram,  using  any   initial  and   back 
pressures  you  please.    Measure  and  write  down  the  positions  of  the  point  of  cut-off 
and  of  the  commencement  of  the  exhaust  and  compression.     (Bd.  of  Ed.,  1899.) 

Ans.  Cut-off,  0-805  ;  exhaust,  0-95 ;  compression,  0-91. 

10.  Make  a  sketch  of  a  Stephenson  link  motion,  and  say  what  are  its  advantages 
and  disadvantages. 

Show  by  the  Zeuner  diagram  how  the  points  of  admission,  cut-off,  exhaust,  and 
compression  are  affected  by  notching  up  the  link. 

11.  In   a   Meyer  valve  gear   the  travel  of  the  main  valve  is  4   in.,  and  the 
angle   of   advance    22 £°.      The  travel   of  the  expansion  valve  is  4  in.,  and  the 
angle  of  advance  is  90°.     Find  the  distances  from  the  edge  of  the  expansion  valve 
to  the  edge  of  the  main  valve  to  cut  off  the  steam  at  0'2  and  0-5  of  the  stroke. 

.4ns.  At  0'2,  distance  =  fin.  ;  at  0'5,  If  in. 

12.  Find  the  distance  from  the  edge  of  the  expansion  valve  to  the  edge  of  the 
main  valve  to  cut  off  steam  at  0'4  of  the  stroke.     Travel  of  expansion  valve  4  in., 
and  advance  90° ;  travel  of  main  valve  3£  in.,  advance  30°.   Find  lap  of  main  valve 
to  cut  off  at  0'8  of  the  stroke.  Ans.  Distance,  1£  in. ;  lap,  {gin. 

13.  Sketch  the  steam-chest  and  cylinder  ports  of  an  engine  fitted  with  Meyer's 
variable  expansion  valves  and  gear,  placing  the  valves  in  their  central  position. 
Explain  clearly  how  the  valves  are  worked,  and  how  the  cut-off  is  varied. 

In  an  engine  fitted  with  Meyer's  adjustable  expansion  valves,  the  eccentric  for 
the  main  valve  is  set  with  an  angle  of  advance  of  25°,  and  the  eccentric  for  the 
variable  expansion  valve  or  plates  is  set  with  an  angle  of  82°.  Both  eccentrics 
have  a  throw  of  2^  in.  and  the  main  valve  has  T3e  in.  outside  lead.  What  is  the 
position  of  the  piston  as  measured  from  the  commencement  of  its  forward  stroke 
when  the  main  valve  opens  for  steam,  the  full  stroke  of  the  engine  being  36 
in.  ?  Determine  also,  by  means  of  the  Zeuner  diagram,  the  distance  the 
piston  has  travelled  from  the  commencement  of  its  stroke  when  the  expansion 
valve,  as  set  to  its  highest  grade  of  expansion,  cuts  off  steam ;  and  how  much 
would  the  expansion  plates  require  to  be  moved  in  order  to  cut  off  steam  at  0'6  of 
the  stroke  of  the  piston  ?  (Bd.  of  Ed.,  Hens.,  1897.) 

ins.  (1)  J  in.;  (2)  29  in. ;  (3)  ft  in. 
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14.  What  are  the  advantages  of  a  multiple-ported  slide-valve  ?   Sketch  a  double- 
ported  valve,  and  explain  the  use  of  the  relief  or  equilibrium  ring. 

15.  Sketch  and  describe  the  piston  valve,  and  state  under  what  circumstances 
it  is  used. 

16.  The  outside  lap  of  a  valve  is  If  in.,  the  lead  is  \  in.,  and  the  greatest 
opening  for  stsam  is  1£  in.     What  is  the  travel  of  the  valve  ? 

Ans.  6|  in. 

17.  Draw  a  Zeuner  valve  diagram  for  a  valve  having  i-in.  lap,  ^-in.  lead,  T'6.-in. 
negative  lap,  and  mark  the  points  of  admission,  cut-off,  release,  and  compression 
for  a  3-in.  travel  and  a  2-in.  travel  of  the  valve  respectively. 

18.  The  outside  lap  of  a  slide-valve  is  f  in.,  the  lead  \  in.,  and  the  maximum 
opening  of  the   steam  port   for   the   admission   of   steam   is  1£    in.      Find  the 
eccentricity  and  the  angle  of  advance  of  the  eccentric.      Give  such  sketches  as 
will  show  the  crank  and  crank-shaft  with  the  eccentric  fixed  in  correct  relative 
position  for  forward  running  ;  indicate  on  the  sketch  the  eccentricity  and  angle 
of  advance  as  found  above. 

19.  A  valve  has  a  half-travel  of  3  in.,  advance  35°,  lap    1{    in.,  inside    lap 
't  in.      Draw  a  possible  indicator  diagram.     Prove  your  valve  diagram  to  be 
correct.     (Bd.  of  Ed.,  1902.) 

20.  What  is  meant  by  the  "angle  of  advance"  of  an  eccentric?     How  would 
you  find  the  angle  of  advance,  having  given  the  lap  and  lead  of  a  valve  ? 

21.  Prove  the  truth  of  the  Zeuner  method  of  showing  the  displacement  of  a 
slide-valve  for  any  position  of  the  crank. 

Half-travel  2  in.,  advance  30°,  lap  0'75  in.,  inside  lap  0-2  in.  :  draw  the 
probable  indicator  diagram,  using  any  initial  and  back  pressures  you  please. 
Measure  and  write  down  the  positions  of  the  point  of  cut-off,  and  of  the  com- 
mencement of  exhaust  and  of  compression.  (Bd.  of  Ed.,  Stage  II.,  1899.) 

Ans.  Cut-off,  OS  in.  ;  exhaust,  0-95  in.  ;  compression,  0-91  in. 

22.  A  horizontal  engine  is  fitted  with  the  ordinary  slide-valve  and   a  single 
eccentric  giving  a  fixed  cut-off  at,  say,  three-quarters  of  the  stroke.     State  clearly 
and  show  by  sketches  the  alterations  in  the  parts  that  would  be  necessary  in 
order  that  the  cut-off  should  be  altered  so  as  to  take  place  at  two-fifths  of  the 
stroke.     (Bd.  of  Ed.,  Stage  II.,  1899.) 

V. 

1.  Steam  enters  a  cylinder  at  the  absolute  pressure  120  Ibs.  per  square  inch,  and 
expands  according  to  the  law  "  pv  constant."     Neglect  clearance  and  cushioning, 
and  use  the  ordinary  hypothetical  diagram.     Constant  back  pressure,  27  Ibs.  per 
square  inch. 

Take  the  following  values  of  the  cut-off  :  half  stroke,  quarter  stroke,  eighth  of 
stroke.  Find  in  each  case  the  effective  pressure.  The  area  of  the  piston  is 
1  sq.  ft.  ;  stroke,  2  ft.  What  is  the  work  done  per  stroke  ?  How  many 
cubic  feet  of  indicated  steam  are  used  per  stroke  ?  What  is  the  work  done  per 
cubic  foot  of  steam  entering  the  cylinder  ?  Tabulate  your  answers.  (Bd.  of 
Ed.,  Stage  II.,  1903.) 

Ans.  M.e.p.  74-586,  44*589,  19-191  ;  work  per  stroke  infoot-lbs.  21,480,  12,841, 
5527  ;  work  per  cubic  foot,  in  foot-lbs.  21,480,  25,683,  22,108. 

2.  If  the  effective  pressure  in  a  steam-engine  cylinder  is  taken  to  be  (assuming 
no  clearance  or  cushioning)  — 


where  p{  is  the  initial  pressure,  p.3  the  back  pressure,  and  ;•  the  ratio  of  cut-off, 
write  out  the  work  done  in  one  stroke  and  the  cubic  feet  of  steam  admitted  for 
one  stroke,  and  so  find  iv,  the  work  done  per  cubic  foot  of  steam.  If  £>,  =  120, 
p.3  =  17,  calculate  w  for  some  values  of  r,  and  plot  on  squared  paper  or  in  any 
other  way  you  please;  find  r  to  give  a  maximum  u\  (Bd.  of  Ed.,  Stage  II.,  1904.) 

Ans.  r  =  7-06. 

3.  Steam  enters  a  cylinder  at  150  Ibs.  (absolute)  per  square  inch.     It  is  cut  off 
at  one-fourth  of  the  stroke,  and  expands  according  to  the  law  "  pv  constant." 
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Find  the  average  pressure  (absolute)  in  the  forward  stroke.  If  the  back  pressure 
is  17  Ibs.  (absolute)  per  square  inch,  what  is  the  average  effective  pressure  ?  If 
the  area  of  the  cross-section  of  the  cylinder  is  126  sq.  in.,  and  the  crank  is 
11  in.  long,  what  work  is  done  in  one  stroke  ?  Neglecting  clearance  and 
condensation,  what  volume  of  steam  enters  the  cylinder  per  stroke  ? 

If  the  admitted  steam  has  a  volume  of  3  cub.  ft.  to  the  pound,  what  is  the 
weight  of  steam  admitted  per  stroke  ?  What  work  is  done  per  pound  of  steam  ? 
(Bd.  of  Ed.,  Stage  II.,  1901.) 

Aiis.  89-48 ;    72-48  ;    16,740  foot-lbs. ;    0-401  cub.   ft.  ;    0-134  Ib. ;    124,925 
foot-lbs. 

4.  Take  a  hypothetical  indicator  diagram — no  clearance,  constant  back 
pressure  17  Ibs.  per  square  inch.  Let  friction  of  engine  be  represented  by  10  Ibs. 
per  square  inch  on  the  piston.  Expansion  law  pv  constant ;  cut-off  at  one-third 
of  the  stroke ;  area  of  the  piston,  100  sq.  in.  ;  crank  1  ft.  ;  200  working 
strokes  per  minute.  Steam  of  the  following  initial  pressures  being  admitted,  mid 
in  each  case  the  crank-shaft  horse-power,  and  the  weight  of  indicated  steam  per 
hour.  Tabulate  the  results,  and  plot  upon  squared  paper.  The  following 
information  is  given  :  — 


Absolute  pressure  of  admitted  steam,  \ 
pounds  per  square  inch      .     .     .     / 
Cubic  feet  of  1  Ib.  of  admitted  steam 

50 
8-34 

100                    150 
4-356                 2-978 

(Bd.  of  Ed.,  Stage  III.,  1901.) 
Ans. — 


Pressure  of  steam  admitted     .     .     . 

Horse-power 

Weight  of  steam  indicated  in  pounds 


50 
9-66 
666-1 


100 
52-04 
1276 


150 
94-41 
1865 


5.  Steam  is  admitted  to  the  cylinder  of  a  double-acting  engine  at  80  Ibs.  per 
square  inch.     The  back  pressure  is  17  Ibs.  per  square  inch.     The  friction  of  the 
engine  may  be  taken  to  be  represented  by  a  back  pressure  of  8  Ibs.  per  square 
inch  on  the  piston.     Find  the  cut-off  to  give  maximum  actual  work  per  cubic 
foot  of  steam,  taking  " pv  constant"  as  the  law  of  expansion.      Neglect  clear- 
ance, cushioning,  and  condensation.  If  you  use  a  formula  for  the  average  pressure, 
prove  it  correct.     (Bd.  of  Ed.,  Stage  III.,  1900.)  Ans.  f6. 

6.  Initial  pressure  of  steam,  180  Ibs.  per  square  inch  ;  back  pressure,  17  Ibs.  per 
square  inch;  cut-off  at  one-third  of  the  stroke;  area  of  piston,  112  sq.  in. ;  and 
length  of  crank,  1  ft. :   what  work  is  done  in  one  stroke  ?      What  is  the  weight 
of  steam  used  in  one  stroke  if  the  volume  of  1  Ib.  of  the  steam  is  2'51  cub.   ft.  ? 
If  there  are  200  strokes  per  minute,  what  is  the  indicated  horse-power,  and  what 
weight    of    steam  is  used  per   hour,   neglecting  clearance,   condensation,   and 
leakage  ?     (Bd.  of  Ed.,  Stage  II.,  1900.) 

Ans.  24,397  foot-lbs. ;  0-206  Ib.  ;  2472  Ibs.  per  hour. 

7.  Assuming  no   clearance ;    cut-off  at  one-third  of   the   stroke ;     expansion 
according  to  the  law  "  pv  constant";  what  is  the  mean  forward  pressure  as  a 
fraction  of  the  initial  pressure  ?     If  the  cross-section  of  the  cylinder  is  144  sq. 
in.,  length  of  stroke  2  ft.,  what  volume  of  steam  is  used  per  stroke  ?     If  the  back 
pressure  is  17  Ibs.  per  square  inch,  and  there  are  200  strokes  per  minute,  find  in 
the  following  two  cases  the  indicated  horse-power  and  the  weight  of  steam  used 
per  hour.     Neglect  clearance,  condensation,  and  leakage. 


Initial  pressure  in  pounds  par  square  inch 

Volume  in  cubic  feet  of  initial-pressure  steam  per  pound 


180 
2-51 


100 
4-356 
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Use  squared  paper  to  show  the  weight  of  steam  per  hour  used  by  the  engine  at 
any  power.     (Bd.  of  Ed.,  Stage  III.,  1900.) 

8.  In  question  (7),  with  initial  pressure  180,  find  the  mean  forward  pressure 
during  a  stroke.       Neglecting  the   shortness  of  the   connecting-rod,    find  the 
pressure  when  the  crank  makes  angles  of  0°,  15°,  30°,  etc.,  with  its  dead  point, 
and  find  the  average  of  these.     A  simple  new  indicator  measures  this  last,  which 
in  a  time  average,  instead  of  the  true  or  space  average  :  what  is  its  percentage 
error  ?     (Bd.  of  Ed.,  Stage  III.,  1900.) 

9.  Calculate  the  number  of  foot-pounds  of  work  done  per  cubic  foot  of  steam 
at  a  pressure  of  120  Ibs.  per  square  inch  (absolute)  when  expanded  four  times  and 
exhausted  against  a  back  pressure  of  3  Ibs.  per  square  inch  (absolute)  in  a  non- 
conducting cylinder  having  a  clearance  of  5  per  cent,  of  the  working  volume. 
(The  cubic  foot  includes  the  clearance  volume.)    You  may  assume  hyperbolic  ex- 
pansion, and  that  there  is  no  compression,  and,  further,  that  release  takes  place 
at  the  end  of  the  stroke.     (Inst.  C.E.,  Oct.,  1901.)  Ans.  36,053  foot-lbs. 

10.  Use  the  common  hypothetic  indicator  diagram;  expansion  curve  "jpy  con- 
stant; "  110  clearance  or  cushioning. 

A  piston  is  1  sq.  ft.  in  area,  stroke  2  ft.,  200  strokes  per  minute:  find  the 
indicated  horse-power  if  the  initial  pressure  of  the  steam  is  120  Ibs.  per  square  inch. 
Take  two  cases,  one  in  which  the  cut-off  is  at  half-stroke,  the  other  in  which  the 
cut-off  is  at  one-fifth  of  the  stroke.  This  steam  is  initially  3'67  cub.  ft.  per  pound  : 
find  in  each  case  the  weight  of  steam  used  per  hour. 

It  has  been  found  by  observation  that  in  the  factory  driven  by  the  engine  the 
number  of  yards  of  stuff  made  per  hour  is  7'8I  —  320,  where  I  is  the  indicated 
horse-power.  Find  the  number  of  yards  for  each  of  your  two  cases.  Tabulate 
your  answers.  State  also  the  number  of  yards  per  pound  of  steam  in  each  of  the 
cases.  (Bd.  of  Ed.,  Stage  III.,  1903.) 

Ans. — 


Cut-off. 

Mean  pressure. 

I.H.P. 

8  team  per 
hour. 

Yards  per 
hour. 

Yards  per  pound 
of  steam. 

i 

101-58 
62-316 

177-3 
109-2 

3270 
1303 

1063 
532-3 

0-3251 
0-4070 

11.  Describe  the  construction  of  an  indicator  and  how  it  is  used.    Give  a  sketch 
of  a  specimen  indicator  diagram  from  a  steam,  gas,  or  oil  engine,  and  describe 
what  each  part  means. 

What  sort  of  information  is  given  to  us  by  an  indicator  diagram  ?  (Bd.  of  Ed., 
Stage  II.,  1903.) 

12.  Sketch  indicator  cards  to  show  the  following  defects  in  a  steam-engine : 
(a)  excessive  compression ;  (b)  too  early  cut-off ;  (c)  too  early  release ;  (d)  early 
cut-off,  valve  reopens  at  |  stroke ;  (c)  indicator  drum  working  against  the  stop. 
(C.  &  G.,  Hons.,  1892.) 

13.  Explain  how  to  find  the  mean  pressure  of  an  indicator  diagram  containing 
loops. 

14.  Describe  Richards's  indicator,  and  point  out  precisely  the  mechanism  by 
which  the  pencil  is  actuated,  giving  the  reason  for  the  special  construction. 

The  barrel  of  such  an  indicator  is  2  in.  in  diameter,  and  it  vibrates  through 
three-fourths  of  a  revolution.  The  area  of  the  diagram  is  3§  sq.  in.,  and  the  motion 
of  the  pencil  is  three  times  that  of  the  indicator  piston.  Taking  the  mean  pressure 
of  steam  to  be  17^  Ibs.  per  square  inch,  find  what  force  corresponds  to  a  motion  of 
1  in.  of  the  springs.  (Bd.  of  Ed.,  Stage  II.,  1892.)  Ans.  67'5  Ibs. 

15.  Sketch  and  describe  the  action  of  an  indicator  for  measuring  the  power  of 
an  engine.     If  the  scale  of  an  indicator  is  60  Ibs.  to  the  inch,  the  area  of  the 
diagram  3'98  sq.  in.,  and  its  greatest  length  parallel  to  the  atmospheric  line  2£  in., 
the  crank  of  the  engine  being  13  in.,  the  diameter  of  the  cylinder  15  in.,  and  the 
number  of  revolutions  per  minute  80,  find  the  I.H.P.    (Bd.  of  Ed.,  Stage  II.,  1894.) 

Ans.  197-1. 
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16.  What  data  are  required  for  calculating  the  I.H.P.  of  a  steam  engine  ?     If 
the  diameter  of  the  cylinder  and  the  stroke  of  the  piston  be  given,  and  you  had 
charge  of  an  engine,  how  would  you  proceed  to  find  the  other  data  required  to 
determine  the  I.H.P.  ?     Describe  with  the  aid  of  a  sketch  the  construction  and 
action  of  the  indicator  which  you  adopt.     (Bd.  of  Ed.,  Stage  II.,  1895.) 

17.  Describe  with  sketches  the  construction  of  a  steam-engine  indicator.     (Bd. 
of  Ed.,  Stage  II.,  1905.) 

18.  A  single-cylinder  double-acting  condensing  engine  has  its  cylinder  efficiently 
lagged,  and  receives  steam  at  an  absolute  pressure  of  90  Ibs.  per  square  inch  ;  the 
cut-off  takes  place  at  one-sixth  stroke,  and  the  back  pressure  is  3  Ibs.  absolute. 
What  must  be  the  diameter  of  the  cylinder  and  stroke  of  the  engine  in  order  that 
it  may  indicate  2500  horse-power  when  running  at  50  revolutions  per  minute  ? 
The  stroke  of  the  engine  is  twice  the  diameter  of  the  cylinder.     Hyp.  log  6  =  1-791. 

Aiis.  Diameter,  23g8  in.  ;  stroke,  47'6  in. 

19.  Describe  completely  the  process  of  estimation  of  the  horse-power  of  an 
engine  by  the  use  of  an  indicator,  and  by  means  of  other  necessary  observations. 

What  must  be  the  mean  intensity  of  pressure  per  square  inch  if,  for  each 
cubic  foot  swept  through  by  the  piston  per  second,  15  H.P.  are  developed  ? 
(lust.  C.E.,  1905.)  Ans.  57*3  Ibs.  per  square  inch. 

20.  Steam  enters  a  cylinder  at  50  Ibs.  per  square  inch  (absolute),  is  cut  off  in 
one  case  at  one-fifth,  in  another  case  at  half  the  stroke.    Find  in  each  case  by  con- 
struction (you  may  use  a  formula  if  you  prove  it  correct)  the  average  pressure 
during  the  stroke,  the  back  pressure   being  17  Ibs.  per  square  inch  ;    find  the 
indicated  work  per  cubic  foot  of  steam  in  the  two  cases.     What  objections  are 
there  to  very  early  cut-off  ?     (Bd.  of  Ed.,  Stage  II.,  1899.) 

Ans.  6480  foot-lbs.  and  7200  foot-lbs. 


VI, 

1.  We  endeavour  to  prevent  condensation  in  the  cylinder  of  a  steam-engine 

)  by  a  separator,  (b}  by  superheating,  (c)  by  drainage  from  the  cylinder,  (d)  by 

steam-jacketing,  (e)  by  high  speed.     Explain  how  each  of  these  methods  tends  to 


2.  Why  is  even  a  small  quantity  of  water  harmful  in  a  steam-cylinder  ?     How 
do  we  try  to  prevent  condensation  in  a  cylinder  ?     If  any  of  the  methods  serves 
some  other  good  purpose,  state  it.     Prove  that  drainage  must  be  good.     (Bd.  of 
Ed.,  Stage  II.,  1905.) 

3.  Without  giving  the  mathematical  investigation,  state  what  is  the  result  of 
our  study  of  the  cause  of  the  initial  condensation  in  a  cylinder.     Has  it  been  con- 
firmed by  experiment  ?     What  is  known  about  steam  missing  through  leakage 
past  valves  ?     (Bd.  of  Ed.,  Stage  III.,  1900.) 

4.  Explain  why  condensation   generally  occurs   as  steam  enters  an  engine- 
cylinder,  and  show  that  it  is  a  cause  of  loss.     Discuss  the  various  methods  which 
may  be  employed  to  reduce  cylinder  condensation.     (Inst.  C.E.,  Oct.,  1898.) 

5.  State  in  a  general  manner  how  initial   condensation   in  a  steam-engine 
cylinder  is  affected  by  (a)  variable  rates  of  expansion  ;  (b)  roughness  and  extent 
of  the  surface  of  the  piston-head  and  the  inside  surface  of  the  cylinder  cover  ; 
(c)  steam-  j  acketing  ;  (d)  superheating;  (e)  speed  of  running  (i.e.  number  of  strokes 
per  minute)  ;  (/)  compounding.     (Inst.  C.E.,  Oct.,  1901.) 

6.  Sketch  and  describe  an  apparatus  for  drying  steam  before  it  enters  the 
cylinder. 

7.  How  would  you  determine  the  percentage  dryness  of  steam  at.  cut-off  ? 
What  data  would  you  require  ? 

8.  Show  by  an  example  how,  given  the  clearance  volume  and  volume  swept  by 
the  piston,  and  also  the  indicator  card  for  a  steam-engine,  you  can  calculate  at 
any  point  of  the  stroke  after  cut-off,  the  actual  volume  and  weight  of  the  steam 
in  the  cylinder.    What  information  about  the  working  of  the  engine  does  this  give 
you?     (C.  &  G.,  Hons.,  1896.) 

9.  Explain  how  the  weight  of  steam  present  in  an  engine  cylinder  at  any  part 
of  the  expansion  process  can  be  measured  from  tho  indicator  card.     (C.  &  G., 
Hons.,  1834.) 
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10.  Describe  the  nlethod  of  applying  the   saturation  curve  to  the  indicator 
diagram. 

11.  Sketch  an  indicator   diagram  such   as  might   be  expected   from   a  non- 
condensing  engine  with  a  slide-valve.     If  the  weight   of  water  present  during 
cushioning  is  known,  and  the  feed-water  per  hour  is  also  known,  show  how  we 
find  how  much  condensation  or  evaporation  occurs  during  the  expansion.     (Bd. 
of  Ed.,  Stage  II.,  1900.) 

12.  Having  given  an  indicator  diagram  from  a  steam-engine,  and  full  particulars 
as  to  the  scale  of  the  diagram  and  the  dimensions  of  the  engine,  show  how  you 
would  calculate  the  weight  of  steam  present  in  the  cylinder  at  any  convenient 
point  in  the  expansion  process.     (Inst.  C.E.,  Oct.,  1901.) 

13.  Given  indicator  cards  for  a  single-cylinder  steam-engine  and  all  necessary 
data,  explain  carefully  how  you  would  estimate  the  dryness  of  the  steam  at  any 
point  in  the  expansion,  stating  clearly  any  assumptions  involved  in  the  process. 
(Inst.  C.E.,  1905.) 

VII. 

1.  Explain  fully  how  the  combined  indicator  diagram  of  a  triple-expansion 
engine  is  made  from  the  three  cards  taken  from  the  several  cylinders.     What 
advantages  and  information  are  derivable  from  the  plotting  of  the  three  separate 
indicator  cards  to  one  scale  and  on  one  card?     (Bd.  of  Ed.,  Stage  II.,  1899.) 

2.  You  are  given  a  set  of  cards  taken  from  the  three  cylinders  of  a  triple- 
compound  engine.     Explain  what  further  data  you  would  require,  and  how  you 
would  combine  them  into  one  diagram.     How  would  you  use  the  diagram  you 
obtain  to  compare  the  amount  of  work  actually  done  by  the  engine  per  stroke 
with   the   amount   of   work  the  actual   steam   admitted   could   do   if   expanded 
adiabatically  down  to  the  release  pressure,  and  exhausted  at  a  pressure  corre- 
sponding to  the  actual  back  pressure  in  the  engine?     (C.  &  G.,  Hons.,  1897.) 

3.  Explain  the  method  of  drawing  a  combined  diagram  for  a  compound  engine. 
Take  a  compound  engine  with  the  following  dimensions  :  H.P.  cylinder  80  in.  in 
diameter,  L.P.  cylinder  57  in.  in  diameter,  and  36  in.  stroke  in  both  cylinders. 
Steam  enters  the  H.P.  cylinder  at  70  Ibs.  absolute,  cut-off  in  both  cylinders  being 
at  half-stroke,  and  the  back  pressure  in  the  L.P.  cylinder  being  4  Ibs.     There  is 
a  large  intermediate  receiver  in  the  engine. 

Construct  the  probable  respective  diagrams  and  combine  them,  using  hyperbolas 
for  the  expansion  curves.     (Bd.  of  Ed.,  Hons.,  1892.) 

4.  Show  how  to  combine  the  indicator  diagrams  for  a  three-cylinder  gas-engine 
with  cranks  at  120°  apart,  so  as  to  obtain  the  turning  moment.     (Inst.  C.E., 
Oct.,  1903.) 

5.  Show  by  diagrams  the  effect  of  varying  the  cut-off  in  the  H.P.  cylinder,  the 
cut-off  in  the  L.P.  cylinder  being  constant ;  also  the  effect  of  varying  the  cut-off 
in  the  L.P.  cylinder,  the  cut-off  in  the  H.P.  cylinder  being  constant. 

6.  What  is  the  receiver  of  a  compound  engine  ?     Explain  what  is  the  influence 
of  its  volume  on  the  diagram. 

7.  Find  the  diameters  of  the  cylinders  of  a  compound  engine  of  500  I.H.P.,  the 
stroke  being  42  in.  and  the  revolutions  80  per  minute  ;  steam-pressure,  120  Ibs. 
per  square  inch  absolute  ;  terminal  pressure,  10  Ibs. ;  back  pressure,  3  Ibs. 

Ans.  H.P.  18  in. ;  L.P.  34'3  in. 

8.  Find  the  diameters  of  the  cylinders  of  a  triple-expansion  engine  of  1000 1.H.P., 
the  stroke  of  the  piston  being  54  in.,  and  the  revolutions  100  per  minute.     The 
mean  pressure  to  be  35  Ibs.  per  square  inch  referred  to  the  L.P.  cylinder. 

Ans.  36-5  in.,  24  in.,  14  in. 

9.  Explain  the   effect   of  clearance  volume   (a)   on  the   ratio  of  expansion ; 
(b)  on  the  steam  consumption  when  there  is  no  compression ;    (c)  when  there 
is  compression. 

10.  What  are  the  advantages  of  the  compound  engine  over  the  single-cylinder 
engine  of  the  same  I.H.P.  when  both  engines  work  with  steam  of  the  same  initial 
pressure  and  with  the  same  rates  of  expansion  ?    Compare  the  maximum  pressures 
on  the  crank-pins  of  two  engines  of  equal  stroke  and  each  working  upon  a  single 
crank,  when  the  initial  pressure  of  steam  per  square  inch  is  in  both  cases  80  Ibs. 
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absolute,  the  total  expansion  5  times,  and  the  terminal  back  pressure  4  Ibs.  per 
square  inch  absolute.  In  the  single-cylinder  engine  the  piston  is  20  in.  in 
diameter,  and  in  the  compound  engine  the  L.P.  cylinder  is  20  in.  in  diameter  and 
the  H.P.  cylinder  is  11£  inches  in  diameter.  For  the  comparison  consider  that 
there  is  no  drop  in  pressure  between  the  two  cylinders,  but  that  the  terminal 
pressure  in  the  H.P.  cylinder  is  the  same  as  the  initial  pressure  in  the  L.P. 
cylinder.  (Bd.  of  Ed.,  Hons.,  1896.)  Ans.  I  :  1-39. 

11.  Explain  carefully,  with  sketches,  how  you  would  combine  diagrams  taken 
from  the  high-  and  low-pressure  cylinders  of  a  compound  engine.  (Inst.  C.E.,  1905.) 

VIII. 

1.  Write  a  brief  account  of  the  use  of  superheated  steam.   An  engine  of  500 1.H.P., 
under  a  working  pressure  of  150  Ibs.  per  square  inch  absolute  and  a  feed-tempe- 
rature of  80°  F.,  uses  18  Ibs.  of  steam  per  I.H.P.  hour ;  when  the  steam  is  super- 
heated to  700°  F.,  it  uses  11  Ibs.  per  I.H.P.  hour ;  express  the  saving  as  a  percentage 
of  the  original  consumption.     (Inst.  C.E.,  Oct.,  1903.) 

Ans.  Saving  is  301!  per  cent. 

2.  Sketch  an  entropy-temperature  diagram  for  water  and  steam,  and  show  how 
you  would  indicate  upon  it :  (a)  adiabatic  expansion  of  steam  having  an  initial 
wetness  of  10  per  cent.,  and  show  how  you  would  obtain  the  wetness  fraction  after 
it  had  expanded  down  to  a  given  temperature  ;  (b)  superheating  of  the  steam,  and 
indicate  the  temperature  at  which  it  would  become  saturated  if  it  were  adiabatically 
expanded.     (Inst.  C.E.,  Oct.,  1901.) 

IX. 

1.  An  engine  uses  20  Ibs.  of  steam  per  hour  per  I.H.P.     How  much  heat  enters 
the  condenser  per  hour  per  horse-power  if  there  is  no  radiation  or  leakage  ?     The 
temperature  of  the  steam  at  the  stop-valve  is  328°  F. 

Ans.  21,063  units  of  heat. 

2.  The  temperature  of  the  exhaust  steam  entering  a  jet  condenser  is  130°  F. 
The  temperature  of  the  mixture  after  condensation  of  the  steam  is  85°  F. ;  the 
initial  temperature  of  the  cold-water  jet  is  45°  F.    Find  the  pounds  of  condensing 
water  required  per  pound  of  steam  condensed.  Ans.  26"7  Ibs. 

3.  The  temperature  of  the  exhaust  steam  entering  a  surface  condenser  is  120°  F. 
The  temperature  after  condensation  is  100°  F.     The  initial  temperature  of  the 
circulating  water  is  50°  F.,  and  the  final  temperature  85°  F.     Find  the  pounds 
of  circulating  water  required  per  pound  of  steam  condensed.  Ans.  30  Ibs. 

4.  Explain  the  terms  "  heat  expended,"  "  heat  rejected,"  and  state  the  relation 
which  exists  between  these  quantities  and  the  work  done  by  a  heat-engine.     In  a 
stationary  condensing  engine  the  condensation  is  effected  by  the  injection  of  cold 
water  into  the  condenser.     The  net  quantity  injected  is  10  cub.  ft.  per  I.H.P.  per 
hour,  and  the  rise  of  temperature  on  entering  the  condenser  is  30°  F.     Find  what 
fraction  of  the  whole  heat  expended  (neglecting  radiation  and  leakage)  is  usefully 
employed.     (Inst.  C.E.,  Feb.,  1899.)  Ans.  11-96  per  cent. 

X. 

1.  Sketch  and  describe  a  feed- water  heater. 

What  is  the  percentage  gain  when  the  boiler  feed- water  is  heated  from  50°  F. 
to  230°  F.,  the  temperature  of  the  steam  in  the  boiler  being  350°  F.  ? 

Ans.  19'7  per  cent. 

XI. 

1.  A  loaded  Watt  governor.  For  simplicity  take  the  framework  to  be  a 
parallelogram  ABCD,  the  axis  being  AC,  the  centres  of  the  balls  at  B  and  D.  If 
AB  =  BC  =  1-2  ft.,  if  the  balls  are  7  Ibs.  each,  and  the  load  is  150  Ibs.  +  2  Ibs. 
becaus3  of  friction,  find  the  range  of  speed  from  r  =  0'5  to  r  =  0*6  ft.  if  r  is 
distance  of  a  ball  frcrn  the  axis.  Wherein  consists  the  usefulness  of  the  load  ? 
(Bd.  of  Ed.,  Stage  III.,  1903.)  Ans.  Range  of  speed  is  9'1  revs. 
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2.  What  is  the  centrifugal  force  of  a  ball  of  w  Ibs.  at  r  ft.  from  an  axis  making 
n  revolutions  per  minute  ? 

The  whole  revolving  mass  of  a  governor  is  equivalent  in  its  effect  to  that  of  two 
balls  each  weighing  8  Ibs.  The  construction  and  loading  of  the  governor  and 
valve-gear  are  such  that  when  each  ball  is  at  the  distance  r  ft.  from  the  axis  of 
revolution,  a  force  F  Ibs.  acting  radially  outwards  from  each  ball  is  necessary  to 
maintain  equilibrium.  Two  sets  of  experiments  are  made :  in  one  F  overcomes 
friction  ;  in  the  other  F  is  assisted  by  friction. 


r  

0-4 

0-5 

0-6 

F  overcoming  friction     ' 

19-20 

25-00 

31-20 

F  helped  by  friction  . 

18-44 

24-02 

3004 

Find  the  highest  and  lowest   speeds   of   the   governor  between  these  limiting 

values  of  r.     That  is,  for  each  value  of  r  find  the  speed  at  which  the  centrifugal 

force  of  a  ball  has  the  value  F.   Tabulate  your  answers.    (Bd.  of  Ed.,  Stage  II.,  1904.) 

Ans.  C.F.  -  0-00034  wrri* ;  highest  speed,  138-2  revs. ;  lowest  speed,  130'2  revs. 


F  overcoming  friction     i 
n      

19-20 
132-8 

25-00 
135-5 

31-20 
138-2 

F  helped  by  friction  . 
n  

18-44 
130-2 

24-02        i 
132'9 

30-04 
135-6 

i 

3.  Choose  a  loaded  pendulum  governor  or  a  Hartnell  governor,  and  explain  with 
sketches  how  it  governs.  Show  how  we  find  the  speed  corresponding  to  any 
position  of  the  balls.  (Bd.  of  Ed.,  Stage  II.,  1905.) 

XII. 

1.  What  is  a  crank-effort  diagram?     What  data  are  required  to  allow  it  to  be 
drawn,  and  how  is  it  applied  in  finding  the  fluctuations  of  speed  in  an  engine 
when  the  dimensions  and  speed  of  the  flywheel  are  known  ?   (Inst.  C.E.,  Feb.,  1898.) 

2.  If  a  piston  with  its  rod  weighs  250  Ibs.,  and  if  at  a  certain  instant  when  the 
resultant  total  force  due  to  steam  pressures  is  3  tons,  the  piston  has  an  acceleration 
of  320  ft.  per  second  per  second  in  the  same  direction,  what  is  the  actual  force 
acting  on  the  crosshead?     (Bd.  of  Ed.,  Stage  II.,  1905.)  A ns.  4220  Ibs. 

3.  If  on  a  piston  of  120  sq.  in.  area  and  weighing  with  piston-rod  290  Ibs.,  there 
is  at  a  certain  instant  a  pressure  of  130  Ibs.  per  square  inch  on  one  side  more  than 
what  there  is  on  the  other,  and  if  the  piston's  acceleration  at  that  instant  is  420  ft. 
per  second  per  second  in  the  direction  in  which  the  steam  is  urging  the  piston, 
what  is  the  total  force  acting  at  the  crosshead  ?     (Bd.  of  Ed.,  Stage  II.,  1900.) 

Ans.  11,794  Ibs. 

4.  Show  how  to  find  graphically  the  acceleration  of  the  piston  of  a  direct-acting 
engine  in  any  position,  the  crank-pin  being  assumed  to  move  uniformly.     Sketch 
the  form  of  the  curve  of  acceleration  (1)  on  a  piston,  and  (2)  on  a  crank  angle  base. 
Describe  generally  the  influence  of  the  inertia  of  the  piston,  rods,  and  crosshead 
on  the  stresses  set  up  in  the  crank-pin.     The  weight  of  the  reciprocating  parts  is 
equivalent  to  3  Ibs.  per  square  inch  of  the  area  of  the  piston.    If  the  length  of  the 
crank  be  9  in.,  find  how  much  the  initial  effective  pressure  is  reduced  by  the 
inertia  of  the  reciprocating  parts  when  the  crank  makes  70  revolutions  per  minute, 
the  obliquity  of  the  connecting-rod  being  neglected.     (Inst.  C.E.,  Oct.,  1900.) 

Ans.  3-75  Ibs.  per  square  inch. 

5.  A  piston  and  its  rod  and  crosshead  weigh  460  Ibs.     The  engine  makes 
250  revolutions  per  minute,  the  crank  is  1  ft.  long.     Make. a  diagram  of   the 
horizontal  force  at  the  crosshead  at  every  point  in  the  stroke:  (1)  assuming  the 
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connecting-rod  infinitely  long;  (2)  taking  the  connecting-rod  to  be  5  ft.  long. 
State  the  force  at  some  one  place,  so  that  your  scale  may  be  checked.  Assume  no 
friction.  (Inst.  C.E.,  Oct.,  1898.) 

6.  Show  how  to  find  the  acceleration  of  an  engine-piston  at  each  end  of  its 
stroke  when  the  length  of  the  connecting-rod,  the  length  of  the  stroke,  and  the 
number  of  revolutions  per  minute  are  given.     Find  the  force  required  for  accele- 
ration per  pound  mass  of  the  piston,  at  each  end  of  the  stroke,  in  an  engine  with 
an  8-in.  crank  and  30-in.  connecting-rod,  making  300  revolutions  per  minute. 
(Inst.  C.E.,  Oct.,  1897.)  Am.  25-84  Ibs.  and  14-96  Ibs. 

7.  If  on  a  piston  of  120  sq.  in.  in  area,  and  weighing  with  piston-rod  290  Ibs., 
there  is  at  a  certain  instant  a  pressure  of  130  Ibs.  per  square  inch  on  one  side  more 
than  what  there  is  on  the  other,  and  if  the  piston  acceleration  at  that  instant  is 
420  ft.  per  second  per  second  in  the  direction  in  which  the  steam  is  urging  the 
piston,  what  is  the  total  force  acting  at  the  crosshead  ?    If  this  acceleration  occurs 
when  the  piston  is  one-quarter  of  its  stroke  from  one  end,  assuming  an  infinitely 
long  connecting-rod,  how  many  revolutions  per  minute  is  the  engine  making? 
The  crank  is  1  ft.  long.     (Bd.  of  Ed.,  Stage  III.,  1900.) 

Ans.  11,794  Ibs. ;  276-8  revs. 

8.  Crank  1  ft.,  connecting-rod  5  ft.,  150  revolutions  per  minute  :  find  the  accele- 
rations of  the  piston  at  the  ends  and  at  some  other  point  of  the  stroke,  and  draw 
an  acceleration  diagram.     The  weight  of  piston  and  rod  is  350  Ibs.,  area  of  piston 
150  sq.  in.     Draw  possible  indicator  diagrams  for  the  two  sides  of  the  piston,  and 
show  how  we  use  them  and  the  acceleration  diagram  to  find  the  real  force  at  the 
crosshead  at  every  point  of  the  stroke.     (Bd.  of  Ed.,  Stage  III.,  1905.) 

9.  Piston  115  sq.  in.  in  area.     At  the  beginning  of  either  stroke  there  is  a 
difference  of  pressure  of  90  Ibs.  per  square  inch  on  its  two  sides,  producing  total 
force  in  the  direction  in  which  the  piston  is  about  to  move.     The  piston  .and  its 
rod  weigh  410  Ibs.     The  engine  makes  130  revolutions  per  minute ;  crank  1  ft. 
Neglecting  angularity  of  connecting-rod,  that  is,  assuming  that  the  piston  has  a 
simple  harmonic  motion,  what  is  the  actual  force  at  the  crosshead  at  the  beginning 
of  either  stroke  ? 

What  correction  must  be  made  when  the  angularity  of  the  connecting-rod  is  not 
neglected?  (Bd.  of  Ed.,  Stage  III.,  1903.)  Ans.  7994  Ibs. 

10.  Piston  115  sq.  in.  in  area,  crank  1  ft.,  connecting-rod  5  ft.,  130  revolutions 
per  minute.     At  the  beginning  of  either  stroke  there  is  a  difference  of  pressure  of 
90  Ibs.  per  square  inch  on  the  sides  of  the  piston,  producing  total  force  in  the 
direction  in  which  the  piston  is  about  to  move.     The  piston  and  its  rod  weigh 
410  Ibs.     What  is  the  actual  force  at  the  crosshead  at  the  beginning  of  either 
stroke  ?     (Bd.  of  Ed.,  Hons.,  1903.)  Am.  8465  Ibs.  and  7523  Ibs. 

11.  If  on  a  piston  of  120  sq.  in.  area,  weighing  with  piston-rod  290  Ibs.,  there  is 
at  a  certain  instant  a  pressure  of  130  Ibs.  per  square  inch  on  one  side  more  than 
what  there  is  on  the  other,  and  if  the  piston  acceleration  is  420  ft.  per  second  per 
second  in  the  direction  in  which  the  steam  is  urging  the  piston,  what  is  the  total 
force  acting  at  the  crosshead  ? 

If  the  crank  is  1  ft.  long  and  the  connecting-rod  is  5  ft.  long,  and  if  the  above 
acceleration  occurs  at  the  inner  dead-point  position,  find  the  speed  of  the  engine. 
(Bd.  of  Ed.,  Hons.,  1900.)  Ans.  11,794  Ibs. ;  215'2  revs,  per  minute. 

XIII. 

1.  The  crank-shaft  of  a  gas-engine  is  giving  out  steadily  20  horse-power  at  an 
average  speed  of  150  revolutions  per  minute.  When  there  are  75  explosions  per 
minute  (each  cycle  being  two  revolutions),  about  how  much  energy  is  being  stored 
and  unstored  by  the  flywheel?  If  the  kinetic  energy  of  the  flywheel  at  150  revo- 
lutions is  250,000  foot-lbs.,  what  are  the  highest  and  lowest  speeds?  (Bd.  of  Ed., 
Stage  II.,  1904.)  Ans.  150-99  and  149-01. 

XIV. 

1.  Describe  the  usual  balancing  of  an  inside  cylinder  locomotive,  and  what  it 
really  effects.  (Inst.  C.E.,  Oct.,  1898.) 
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2.  Two  engines  with  the  same  centre  line  on  opposite  sides  of  a  crank-shaft ; 
same  moving  masses ;  cranks  exactly  opposite,  so  that  there  is  exact  balance  of 
horizontal  inertia  forces  :  what  may  be  done  to  the  connecting-rods  to  make 
perfect  inertia  balance  ?  Prove  your  statement.  Is  the  engine  perfectly  balanced 
now  ?  (Bd.  of  Ed.,  Stage  III.,  1901.) 

XV. 

1.  If  a  steam-engine  work  between  the  limits  of  350°  F.  and  212°  F.,  what 
would  be  its  maximum  possible  efficiency  (a)  on  the  Carnot  cycle,   (b)  on  the 
Clausius  cycle  ?     State  any  reasons  for  choosing  one  or  the  other  as  the  standard 
of  efficiency  under  given  conditions.     (Inst.  C.E.,  Oct.,  1897.) 

Am.  (1)  0-170;  (2)  0-159. 

2.  The  total  steam  used  by  an  engine  was  660  Ibs.  per  hour  when  the  I.H.P. 
was  20,  and  2100  Ibs.  per  hour  when  tkeTH.P.  was  100.     Assuming  Willan's 
straight-line  law  to  hold,  find  the  consumption  of  steam  per  I.H.P.  and  per  B.H.P. 
hour,  when  the  engine  indicates  25  H.P.  and  80  H.P.  respectively.     You  may 
assume  that  the  power  required  to  overcome  the  friction  of  the  engine  is  17  I.H.P. 
at  all  loads.     This  may  be  solved  graphically  by  setting  off  the  lines  to  scale  in 
your  answer-book,  or  it  may  be  calculated.     (Inst.  C.E.,  Feb.,  1902.) 

3.  A  particular  non-condensing  steam-engine  working  with  170  Ibs.  per  square  inch 
absolute  pressure  requires  19  Ibs.  of  feed-water  per  I.H.P.  per  hour.     A  particular 
condensing  steam-engine  working  with  the  same  pressure  and  24  in.  vacuum 
requires  17  Ibs.  of  feed-water  per  I.H.P.  per  hour.     Show  that  the  ratio  of  17  to 
19  does  not  truly  represent  the  relative  thermal  economy  of  these  two  engines,  and 
obtain  the  true  comparison  on  the  basis  of  heat-units  supplied  per  I.H.P. 

Data.  BTU 

Total  heat  of  steam  at  170  Ibs.  per  square  inch  absolute  pressure   .     1194 

Water  heat  at  212°  F 181 

Water  heat  at  24  in.  vacuum 110 

(Inst.  C.E.,  Oct.,  1899.) 

If  a  steam-engine  were  supplied  with  steam  at  180  Ibs.  pressure  absolute 
(£,rz  373°  F.),  and  had  a  condenser  temperature  of  126°  F.,  how  many  thermal 
units  would  you  have  to  supply  to  it  per  I.H.P.  per  hour  if  it  could  turn  into 
work  50  per  cent,  as  much  as  an  ideal  Carnot  engine  working  between  the  same 
limits?  (Inst.  C.E.,  Feb.,  1898.) 

Ans.  22,170  units  of  heat  from  feed-water  at  126°  F. 

4.  What  is  meant  by  the  "Willan's  law"  for  a  steam-engine?     Show  briefly 
how  this  law  enables  you  to  predict  the  economy  of  a  given  steam-engine  under 
varying  conditions.     (Inst.  C.E.,  Feb.,  1903.) 

5.  What  is  the  Willan's  rule  as  to  the  horse-power  and  water  used  ?    Show  that 
it  is  reasonable  to  expect  such  a  rule  to  hold.     (Bd.  of  Ed.,  Hons.,  1903.) 

6.  A  non-condensing  engine  uses  4000  Ibs.  of  dry  saturated  steam  per  hour  at 
160°  C. ;  feed-water  at  20°  C. ;  the  indicated  horse-power  is  210.     What  is  the 
efficiency  ?     How  much  work  is  done  per  pound  of  steam  ?     If  a  perfect  steam- 
engine  works  on  the  Bankine  cycle  between  100°  C.  and  160°  C.,  what  work  is 
hypothetically  possible  per  pound  of  steam?     Use  the  table  of  numbers  given  in 
III.  No.  18.     (Bd.  of  Ed.,  Stage  III.,  1901.) 

Ans.  Efficiency,  11-7  per  cent. ;  103,950  foot-lbs. ;  101,600  foot-lbs. 

7.  A  steam-engine  works  011  the  Rankine  cycle.     Prove  that  the  work  done  per 
pound  of  steam  is — 


where  T!  and  T0  are   the   upper   and   lower  temperatures   respectively.     (Inst. 
C.E.,  1904.) 

8.  A  non-condensing  engine  uses  4600  Ibs.  of  dry  saturated  steam  per  hour  at 
160°  C. ;  the  indicated  horse-power  is  2CO :  how  much  work  is  done  per  pound  of 
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steam  ?  If  a  perfect  steam-engine  works  on  the  Rankine  cycle  between  100°  and 
160°  C.,  what  work  is  hypothetically  possible  per  pound  of  steam?  (Bd.  of  Ed., 
Stage  III.,  1905.)  Ans.  86,100  foot-lbs. ;  99,560  foot-lbs. 

9.  In  a  certain  engine  trial  it  was  found  that  temperature  of  boiler  =  370°  F. ; 
feed- water  used  =  14  Ibs.  per  I.H.P.   per  hour ;    temperature  of  feed  =  115°  F. 
Assuming  the  boiler  to  supply  dry  steam,  find  the  expenditure  of  heat  in  thermal 
units  per  I.H.P.  per  minute,  and  compare  it  with  the  work  done.     (Inst.  C.E., 
Oct.,  1898.) 

10.  Describe  the  Rankine-Clausius  cycle,  and  show  it  on  a  6$  chart.    It  is  found 
from  tables  that  an  engine  working  on  a  Rankine-Clausius  cycle  with  maximum, 
efficiency  between  temperatures  350°  F.  and  120°  F.  takes  9900  B.T.U.  per  I.H.P. 
hour.     Compare  its  efficiency  with  that  of  an  engine  working  on  a  Carnot  cycle 
with  maximum  efficiency  between  the  same  temperatures.     What  is  the  reason 
for  the  difference  in  the  efficiencies  ?     (Inst.  C.E.,  1905.) 

Ans.  8974  B.T.U.  required  by  Carnot  cycle. 

XVI. 

1.  There  are  steam-turbines  on  the  so-called  reaction  principle  like  Parsons', 
and  others  on  the  so-called  impulse  principle  like  Laval's.     Describe  how  they 
differ  (in  the  behaviour  of  the  fluid  passing  through  the  moving  vanes),  and  show 
in  each  case  how  the  rule  arises  as  to  speed  of  wheel  compared  with  speed  of  fluid 
before  entering  the  wheel.     Why  is  a  very  perfect  vacuum  more  important  in  a 
turbine  than  in  a  reciprocating  steam-engine?     (Bd.  of  Ed.,  Hons.,  1905.) 

2.  Describe  with  sketches  either  (a)  a  Parsons  steam-turbine,  or  (b)  a  de  Laval 
steam-turbine.     To  what  extent  and  for  what  reasons  is  the  efficiency  of  the 
turbine  you  describe  affected  by  the  use  of  superheated  steam  and  by  a  high 
vacuum  in  the  condenser?     (Inst.  C.E.,  1905.) 


INDEX 


A. 


ABSOLUTE  temperature,  definition  of,  8 
Acceleration  of  reciprocating  parts,  238 
—  diagrams,  242 

,  Klein,  283 

Action  of  jet  upon  vane,  385 
Adiabatic  curve,  to  draw,  390 

expansion,  13 

Advance,  angle  of,  65 

Air-pump,  Edwards,  190 

Area  of  turbine  steam  passages,  392 

Automatic  expansion  v.  throttling,  312 


B. 


Balance  weights,  287 
Balancing  of  engines,  277 
— ,  Dalby  on,  295 
Bearings,  main,  271 

,  Dewrance  on,  271 

Belliss  engine,  353 

Boulvin's  temperature-entropy  diagram, 

302 

Boyle's  law,  7 

Brake  horse-power,  definition  of,  2 
British  thermal  unit,  5 


C. 


Calorimeters,  34 
Carnot's  cycle,  19 
Charles,  law  of,  8     . 
Clausius  cycle,  58 
Clearance,  101 

• surface,  polished,  165 

Combining  indicator  diagrams,  144 
Compound  engine,  125 

,  distribution  of  work  in,  128 

,  indicator  diagrams,  144 

,  ratio  of  cylinders,  139 

— ,  size  of,  137 

( 'ompounding,  methods  of,  126 
Compression,  101,  103 
,  work  done  during,  18 


Condensation,  168 

in  turbines,  408 

Condensers,  179 
Condensing- water  coolers,  188 
Connecting-rod,  obliquity  of,  67,  228 
Connecting-rods,  263 

,  Sisson's,  271 

Corliss  engine,  331 

— ,  performance  of,  345 

,  trip  gear,  334,  341 

valves,  to  set,  335 

Cornish  cycle,  318 
Crank-pin,  tangential  pressures,  229 
Crank-shaft,  turning  effort  in,  227 
Cranks,  combination  of,  effect  on  twibt- 

ing  moment,  233 
Cross-heads,  259 
Curtis  turbine,  400 
Curves,  adiabatic,  39 

,  constant-volume,  45 

,  hyperbolic,  39 

of  steam-consumption,  314 

• ,  saturation,  39 

Cylinder  liners,  253 

patterns,  253 

Cylinders,  252 

,  internal  surface  of,  164 


1). 


Davey  on  steam-engine  performance,  317 
De  Laval  turbine,  397 
Dewrance  on  bearings,  271 
Diagram  factors,  130 
Drummoud  on  high  pressures  in  loco- 
motives, 307 
Dry-steam  fraction,  115 


E, 


Eccentric,  65 

Economical  load,  the  most,  313 

Efficiency,  2,  275 

,  mechanical,  275 

— ,  thermal,  report  of  Committee  Inst. 

C.E.,  300 

2  Q 
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Ejector  condenser,  the,  18G 
Electrical  units,  2 
KniriiK'  frames,  274 
Entropy,  41 
chart,  Plate  I. 

— ,  table  of,  395 
Kquivalent  eccentric,  81 
Evaporation,  equivalent,  33 
Evaporative  condenser,  the,  187 
Expansion,  adiabatic,  13 

,  isothermal,  12 

regulator,  79 

— ,  useful  limit  of,  105 

valve  gear,  76 

,  Meyer,  84 


F. 

Feed  heating  from  receiver,  192 

• water  filters,  196 

—  heaters,  191 
Five-crank  engine,  365 
Flywheels,  245 

,  weight  of,  246 

Frames  of  engines,  274 
Friction,  275 

,  distribution  of,  276 

in  turbines,  408 

G. 

Gases,  specific  heat  of,  10 

(loss  on  locomotive  performance,  380 

Governors,  200 

H. 

Hurtnell  governor,  216 
Heat,  efficiency  of,  23 

energy  areas,  15 

exchange  areas,  123 

Hirn's  analysis,  120 
Horse-power,  definition  of,  2 
Hyperbolic  logarithms,  393 


I. 


Inchmona's  engines,  365 
Increase  of  initial  steam-pressures,  300 
Independent  condenser,  184 
Indicated  horse-power,  2,  10(> 
Indicator,  the,  90 

diagrams,  98,  134 

— ,  correction   for  inertia,   237, 

243 

— ,  reducing  motions,  95 
Inertia,  definition  of,  237 

,  effects  on  crank  effort,  239 

,  balancing  effects,  277 


Initial  condensation,  111,  168 
Injector,  the,  172 

,  efficiency  of,  17(5 

— ,  automatic,  177 
Internal  energy,  9 
Isothermal  expansion,  12 


Jacket.     See  Steam-jacket 

Joule's  law,  9 

Joy's  valve  gear,  374,  377 

K. 

Kershaw's  acceleration  curve,  285 

Kinetic  head,  387 

Klein's  diagram  of  acceleration,  283 


L. 

Lap  of  valve,  60 
Latent  heat,  28 
Lead  of  valve,  60 
Liners  of  cylinders,  253 
Link  motion,  77,  376 
Load  factor,  316 

,  rated,  315 

Locomotive,  the,  368 

— ,  compound,  382 
Logarithms,  hyperbolic,  393 
Lubrication,  Dewrance  on,  271 

—  in  turbines,  411 
Lubricator,  sight-feed,  198 

M. 

Marine  engines,  363 
Mean  pressure,  107,  136 

—  indicator,  385 

—  ratios,  394 
Mechanical  efficiency,  275 
Metallic  gland-packing,  255 
Meyer  expansion  valve,  84 
Mill  engines,  363 

N. 

Napier's  formula,  174,  395 
Nozzles  for  turbines,  394 

P. 

Parsons'  steam  turbine,  385 
Patterns  for  cylinders,  235 
Peache  engine,  351 

Performance  of  steam-engines,  300,  345, 
366,  380 


INDEX. 


45' 


Pickering  governor,  218 
Pis  ton- valves,  25G 

—  velocities,  227 
Pistons,  250 
Power,  definition  of,  2 
Pressure  head,  387 
Pressures,  increase  of,  on  the,  30G 
Proell  governor,  217 
valve  gear,  329 

Q. 

Quality  of  steam,  110 
Questions,  421 
Quick-revolution  engines,  318 


R. 


Kankine  cycle,  58 

Hated  load,  315 

Keciprocating  parts,  acceleration  of,  238 

Reducing  valves,  reduction  of  pressure 

by,  308 

lie-evaporation,  112 
Regulator  valve,  378 
Reuleaux  diagrams,  71,  88 
Reversibility,  22 

Rigg,  tests  of  Westinghouse  engine,  316 
Ripper's  mean-pressure  indicator,  388 
lotation,  effect  of  speed  of,  317 


Safety-valve  for  locomotive,  378 
Saturated  steam   pressure   and    tempe- 
rature, 20 

ituration  curve  applied    to   indicator 
diagram,  116 

jtt-Eing  design  for  high-speed  engines, 
357 

eparator,  the,  111 
Jhaft  governor,  218 
>hort-stroke  cylinder  surface,  1G4 
•>ight-feed  lubricator,  198 
'ingle-acting  engines,  348,  351 
—  and  double-acting  engines,  stresses 
on  pins,  361 

sou's  connecting-rod,  271 
-  engine,  360 
iide- valve,  60 
— ,  balanced,  63 
— ,  double-ported,  62 
-,  piston,  63 
cific  heat,  definition  of,  5 

—  of  gases,  10 
'prings,  221 

Steam,  condensation  due   to  expansion 
of,  114 
— ,  consumption  curves  of,  314 


i   Steam,  density  and  volume  of,  32 
— ,  dryness  tests  for,  34 
—  engine  performance,  300 
— ,  flow  of,  56 
,  formulae  for  work  done  per  pound, 

,       54 

(  jacket,  166 

i  pressure,  increase  of,  306 

— ,  properties  of,  25 

,  specific  heat  of,  27 

,  "  state  point "  of,  53 

,  superheated,  146 

tables,  391 

• ,  total  heat  of,  28 

,  weight  of,  accounted  for  by  indi- 
cator, 115 

-, ,  used  by  the  engine,  305 

Superheated  steam,  146 

,  efficiency  of,  148 

,  gain  by,  151 

,  lubrication  with.  151 

,  performance  of,  317 

,  regulation  of,  162 

,  specific  heat  of,  147 

,  total  heat  of,  147 

,  in  turbines,  409 

Superheaters,  158 


T. 


Tangential  pressure  on  crank,  229 
Temperature,  absolute,  8 
,  definition  of,  6 

— ,  mean,  of  cylinder  walls,  113 

,  range  of,  113 

Temperature-entropy  diagrams,  41,  US, 

148 

,  applications  of,  46 

Thermal  efficiency  of  engines,  56 

injector,  176 

— ,  report  of  Committee  of  lust. 

C.E.,  300 

Thermal  unit,  British,  5 
Thermodynamics,  first  law  of,  0 

of  gases,  5 

,  second  law  of,  7 

Thorn  on  marine  engines,  365 
Tractive  force  of  locomotive,  379 
Train  resistance,  379 
Turbine,  the  DC  Laval,  397 
,  the  Curtis,  400 

— ,  the  Steam,  385 

,  Parsons'  steam,  402 

,  the  Westinghouse,  407 

Turning  effort  on  crankshaft,  227 
Twisting  moment,  230 

U. 

I  Unit  of  beat,  definition  of,  5 
—  work,  1 
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V. 


Vacuum  augmenter,  410 

—  in  turbines,  409 

—  gauge.  183 

Valve  diagram,  ellipse,  7o 

,  Keech,  71 

,  Reuleaux,  71 

,  Zeuner,  67 

Valve  displacement,  66 
gear,  329 

—  gears,  expansion,  76 
Valves,  double-beat,  324 
Vanes,  action  of  jet  upon,  385 
Velocities,  piston,  227 

,  diagrams  of,  391,  395 

r,  steam,  388 

Vibration  in  turbines,  411 
Volume,  pressure,  and  temperature,  re- 
lation between,  14 


W. 


Water,  volume  per  pound,  25 

,  specific  heat  of,  27 

Westinghouse  engine,  results  of  trials, 

316 

Westinghouse  turbine,  407 
Willans  engine,  349 

—  straight-line  law,  309 
Winding  engine,  347 
Work,  definition  of,  1 

,  unit  of,  1 

during  expansion,  11 


Z. 

Zeuuer,  valve  diagram,  67 


THE  END. 
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